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Abstract  
The present PhD project contains a study of the structural static 
strength of wind turbine blades loaded in flap-wise direction. A 
combination of experimental and numerical work has been used 
to address the most critical failure mechanisms and to get an 
understanding of the complex structural behaviour of wind 
turbine blades. Four failure mechanisms observed during the full-
scale tests and the corresponding FE-analysis are presented. 
Elastic mechanisms associated with failure, such as buckling, 
localized bending and the Brazier effect, are studied.  
 
In the thesis six different types of structural reinforcements 
helping to prevent undesired structural elastic mechanisms are 
presented. The functionality of two of the suggested structural 
reinforcements was demonstrated in full-scale tests and the rest 
trough FE-studies.  
 
The blade design under investigation consisted of an aerodynamic 
airfoil and a load carrying box girder. In total, five full-scale tests 
have been performed involving one complete blade and two 
shortened box girders. The second box girder was submitted to 
three independent tests covering different structural 
reinforcement alternatives. The advantages and disadvantages of 
testing a shortened load carrying box girder vs. an entire blade are 
discussed. Changes in the boundary conditions, loads and 
additional reinforcements, which were introduced in the box 
girder tests in order to avoid undesired structural elastic 
mechanisms, are presented.  
 
New and advanced measuring equipment was used in the full-
scale tests to detect the critical failure mechanisms and to get an 
understanding of the complex structural behaviour. Traditionally, 
displacement sensors and strain gauges in blade tests are arranged 
based on an assumption of a Bernoulli-Euler beam structural 
response. In the present study it is shown that when following 
this procedure important information about distortions of the 
cross sections is lost. In the tests presented here, one of the aims 
was to measure distortion of the profile, also called ‘local 
deformations’, to verify a more complex response than that of a 
Bernoulli-Euler Beam. A large number of mechanical 
displacement sensors and strain gauges were mounted inside and 
outside the structure. These measurements further proved highly 
useful when validating Finite Element based analysis and failure 
mechanisms should be decided.  
 
Finally, comparisons of the ultimate failure loads observed in the 
full-scale tests are presented and conclusions are drawn based on 
the mechanisms found.  
 
The thesis consists of a comprehensive summary and a collection 
of three papers and four patent applications. 
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Synopsis 
Det foreliggende Ph.d.-projekt indeholder et studie af strukturel statisk styrke af 
vindmøllevinger belastet i flapvis retning. En kombination af eksperimental og numerisk 
arbejde er blevet brugt til at adressere de vigtigste kritiske svigtmekanismer og at få en 
forståelse af den komplekse strukturelle opførsel af vindmøllevinger. 4 svigtmekanismer er 
blevet observeret i fuldskala forsøgene og de tilsvarende FE-analyser er præsenteret. 
Elastiske mekanismer relateret til svigt, som eksempelvis buling, lokal bøjning og Brazier 
effekt er studeret. 
 
I afhandlingen er 6 forskellige strukturelle forstærkninger som modvirker uønsket 
strukturelle elastiske mekanismer præsenteret. Funktionen af de to foreslået strukturelle 
forstærkninger er blevet demonstreret i fuldskalatest og de resterende igennem FE-studier.  
 
Vingen som er undersøgt består af et aerodynamisk profil og en bærende boksbjælke. I alt er 
der udført 5 fuldskalatests bestående af en komplet vinge og to afkortet boksbjælker. Den 
anden boksbjælke var benyttet i 3 uafhængige forsøg med uafhængige strukturelle 
forstærkninger indsat i bjælken. Fordele og ulemper ved at teste en afkortet boksbjælke mod 
versus en fuld vinge er diskuteret. Ændringer i randbetingelser, laster og ekstra 
forstærkninger som var introduceret til boksbjælke forsøgene var for at undgå uønsket 
strukturelle elastiske svigtmekanismer er præsenteret. 
 
Nyt og avanceret måleudstyr var benyttet i fuldskalaforsøgene til at opdage kritiske 
svigtmekanismer og til at få en forståelse af den komplekse strukturelle opførsel. Traditionelt 
set benyttes kun strain gauges og globale deformationssensorer i vingeforsøg, baseret på en 
antagelse af Bernoulli-Euler bjælke strukturel gensvar. I det foreliggende studie det er vist at 
denne procedure medføre at vigtig information omkring distortion af tværsnittet er tabt. I 
forsøgene som er præsenteret, er et af formålene at måle distortion af tværsnittet også kaldet 
’lokale deformationer’, til at verificere et mere kompleks gensvar end en Bernoulli-Euler 
bjælke. Et stort antal af mekaniske deformationsfølere og strain gauges var monteret inde og 
uden på strukturen. Disse målinger viste sig at være meget værdifulde da FE-modellerne 
skulle valideres og svigtmekanismer bestemmes.  
 
Til slut er sammenligninger af de ultimative svigtlaster præsenteret og konklusioner er 
draget.  
 
Afhandlingen består af en uddybende sammendrag og samling af 3 videnskabelige artikler og 
4 patentansøgninger.  
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Definitions and symbols 
Definitions: 
AE : Acoustic Emission 
Blade root: Part of the rotor blade that is closest to the hub 
Box girder: Primary, lengthwise structural member of a wind turbine rotor blade 
Design loads: Loads that the turbine is designed to withstand. They are obtained by 
applying the appropriate partial load factors to the characteristic values 
DIC: Digital Image Correlation 
Edgewise: Direction that is parallel to the local chord of the blade 
Failure Mechanism: A structural response of a structure that is the key driver for 
strains leading to failure  
FEM: Finite Element Method 
Flapwise: Direction that is perpendicular to the surface swept by the non-deformed 
rotor blade axis 
NDT: Non Destructive Testing 
Trailing edge: Aft portion of a blade normally pointed 
Ultimate strength: Measure of the maximum (static) load-bearing capacity of a 
material or structural element 
 
List of symbols: 
E:   Young’s  modulus 
h:     Box  girder’s  depth 
I:       Second moment of area 
l :      Segment length 
κ:     Bending curvature of beam 
M:     Bending moment 
ν :    Poisson’s ratio 
Pcrush:  Crushing pressure acting on each shear web, per unit length of the blade 
R:    Bending radius of the box girder 
w :    Local width of the box girder 
z:    Distance to the neutral axis 
δ:    Local deflection 
ε:   Local  strain   
braz ψ : Brazier crushing force 
1/A11:  In-plane laminate stiffness in 1-direction 
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1 Introduction 
1.1 Scope  and  motivation 
We currently notice a substantial growth in the wind energy sector worldwide. This 
growth is expected to be even faster in the coming years. By the end of 2006 almost 
1% of the world’s electricity generation was produced by wind turbines. According to 
BTM consult ref. [11] the forecast for 2011 is 2% of world’s electricity generation and 
the estimation for 2016 is 4%. This means that a massive number of wind turbine 
blades will be produced in the forthcoming years.  There is a large potential for 
materials savings in these blades. The scope of the present work is to investigate the 
structural, static strength of a particular type of wind turbine blade and through this to 
assess the potential for materials savings and consequent reductions of the rotor 
weight. The entire wind turbine can benefit from such weight reductions through 
decreased dynamics loads and thus leave room for further optimization. Figure 1 
shows the positive effect of the reduced rotor weight (with a possible reduced cost) on 
the cost of other components in the wind turbine. 
 
 
Figure 1. The figure shows the influence of blade optimization on the cost of an entire wind turbine. 
The components in an entire wind turbine are shown on the far right. The left column 
shows the relative costs of the various components of a current wind turbine. The column 
to the right indicates the relative costs of a future wind turbine with reduced weight of the 
blades. The numbers are estimated based on experience. 
 
The cost of the rotor represents only a lower percentage (approx. 20%) of the entire 
wind turbine, but as shown in the figure reductions in this part will have a significant 
favourable effect on other components.   
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1.2  State of the art 
Blade design 
The design of the aerofoil of a wind turbine blade is a compromise between 
aerodynamic and structural (stiffness) considerations. Aerodynamic considerations are 
dominating the design of the outer two thirds of the blade while structural 
considerations are more important for the design of the inner one third of the blade. 
 
Structurally the blade is typically hollow, with the outer geometry formed by two 
shells: one on the suction and one on the pressure side. To transfer shear loads, one or 
more structural webs are fitted to join the two shells together, see Figure 2a and Figure 
2b. 
 
 
Fig.  2a      Fig.  2b 
 
 
 
 
 
 
 
 
 
  
Figure 2. Sketches of different blade concepts a) Blade design with one shear web  b) Blade design 
with two shear webs c) Blade design with a load carrying box girder. 
 
 A load carrying box girder is used in some blade designs, see Figure 2c. Such designs 
correspond to blades with two webs.  
 
In Figure 3, three blade designs from different manufacturers (LM Glasfiber, SSP-
Technology and Vestas) are shown. In the blade from LM Glasfiber an upper shell, a 
lower shell and two webs are bonded together to form the blade structure as shown in 
Figure 3a. In the blade from SSP-Technology a box girder is created of two half parts 
bonded together, Figure 3b, while Vestas uses a box girder which is manufactured on 
a mandrel, Figure 3c.  
Box girder 
Fig. 2c  
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Fig. 3a        Fig. 3b           Fig. 3c 
Figure 3. Different wind turbine blade designs. a) LM-Glasfiber design. b) SSP-Technology design. 
c) Vestas box girder design. 
In Figure 4 rib/bulkhead solutions from 2 different blade manufacturers are shown. 
   
Fig. 4a  Fig. 4b 
Figure 4. Ribs/Bulkheads used in wind turbine blades. a) Photo of a 200 foot diameter wind turbine 
from United States Plywood Corporation, see ref. [73].  b) Sketch of a Tvind Wind 
turbine blade from ref. [90]. 
The blade design from 1948, shown in Figure 4a, was used in a 200 foot diameter 
wind turbine which was the first to implement ribs in a wind turbine blade. The blade 
was manufactured by plywood with ribs of stainless steel.  Current blade 
manufacturing technology based on thermo-setting composites is not suitable for 
producing rib reinforced blades in an economically sound manner, see ref. [75],[76]. 
However rib/bulkhead blade design using a thermoplastic with a reactive processing 
together with vacuum infusion is currently under development, see [75], [76]. Today 
there are limitations in the melt processing and consequently the size and the thickness 
is limited. However, if current research in materials technology is successful, 
ribs/bulkhead design could be re-introduced in the wind turbine blades, see ref. [44]. 
Materials and manufacturing 
There is a wide range of materials and manufacturing techniques utilized in the wind 
turbine industry today. The material combinations used are predominantly composite 
laminates with embedded threaded steel rods in the root section connecting the blade 
to the hub in a bolted connection Polyester, vinyl ester and epoxy resins are common, 
matched with reinforcing wood, glass, and carbon fibres. Some designs integrate 
carbon- and glass fibre as well as birch and balsa wood, see ref. [51], [52]. A general 
overview of materials used in wind turbine blades can be found in ref. [10], [75]. A 
wide range of manufacturing processes are also utilized in blade manufacturing, 
encompassing: wet lay-up, pre-preg, filament winding, pultrusion, and vacuum 
infusion (with and without secondary adhesive bonding).  More details can be found in 
ref. [17].   
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Finite Element modelling and structural design optimization  
Only a limited number of publications on Finite Element (FE) modelling and 
structural analysis of wind turbine blades are available in current literature, [7], [28], 
[39], [40], [41], [43], [44], [53], [68]. Most available research done on FE-analysis of 
wind turbine blades are global FE-models of the entire blade where strains, global 
deflections and eigenfrequencies are found, see e.g. ref. [48], [49].  
 
Buckling is one of the areas where most research relevant for structural design 
optimization has been done, see e.g. ref. [18], [37], [51], [54], [55]. 
Another important problem which has received much attention is the bend-twist 
couplings of the wind turbine blade, see ref. [3], [6], [19], [44], [57], [58]. This 
research field is becoming increasingly important as the blades gradually become large 
enough to cause flutter instability as known from helicopter design.  
 
There has been comprehensive research in failure modelling which take interlaminar 
crack growth into consideration [65], [66], [91]. In ref. [2], [4], [5], [15], [27], [46], 
[61], [72], sections, panels and beams from wind turbine blades were analysed. 
Interlaminar crack growth has been studied very intensively in other industries the last 
two decades, and has recently become an important area of the research related to the 
wind turbine industry.  
Testing approach  
In Figure 5 a pyramid representing a multi-scale approach to testing is shown. The 
pyramid in Figure 5 is a collection of tests which have been performed at Risø DTU or 
at DTU Campus over the last 4-5 years. Only full-scale tests (level 1) and the small 
specimen tests (level 5, right) are required by the certifying agencies when preparing 
the documentation forming the basis for type certification, see ref. [17], [24], [26].   
 
 
Figure 5. Multi-scale approach for testing and analysis of wind turbine blades used at Risø DTU.  
The experiments are performed either at Risø DTU or at DTU Campus. 
Level 5: 
Smaller test 
specimens 
Level 1: 
Full-scale test 
Level 2: Large 
components
Level 3: 
Section tests
Level 4: 
Panel tests  
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Risø DTU and DTU Campus are trying to systemize subcomponent testing (levels 2-
5) so that such testing can be used in a design and certification process. This approach 
has also been used in recent years at numerous wind turbine manufacturers, see ref. 
[50], [87]. The approach is expected to be adopted in the certification process in the 
future, see ref. [17], [87]. In the latest version published in 2008 of “DNV-Risø 
Guideline for design of wind turbines’ a description of this approach, called “Building 
block approach’, can be found, see ref. [17]. In ref. [77] stochastic models for strength 
of wind turbine blade using experimental results on different levels are presented. 
Load application in level 1 testing is traditionally very simplistic and today, only 
separate flap- and edgewise load cases are required by the certification bodies, see ref. 
[16], [24]. Examples of more sophisticated load applications can be found in [3], [6]. 
Measurement equipment used for full-scale test of wind turbine blades 
Traditionally, only very few measurement techniques have been used in full-scale 
testing of wind turbine blades; at least very little has been published, see ref. [37], 
[38], [45], [78]. No full scale tests utilizing advanced equipment have been reported in 
the available literature. Displacement sensors and strain gauges are used in 
certification tests to monitor and verify that the global bending stiffness and that the 
local strains stay within the design limits and design calculations, see e.g. ref. [88]. 
Guidance in blade certificate testing is given in [16], [26]. 
 
Acoustic Emission has been used several times before, see ref. [46], [60], and mainly 
for research purposes. In Chapter 3 some of the measuring techniques used in the full-
scale tests presented in this thesis are described. An overall picture of state of the art in 
measuring techniques can be found in ref. [37]. 
1.3  Discussion of state of the art 
Design 
Due to the fact that current wind turbine blade designs are not thoroughly optimized 
with regards to structural strength, large differences can be found in the safety against 
various types of failure modes. The safety against different failure modes including 
material, structural and buckling failure in current design is illustrated in Figure 6. 
Buckling and structural strength have been separated, even though both relate to the 
structural aspect. This is done in order to illustrate the difference in unused capacity. 
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Figure 6. Illustration of the safety margins for current (a) and future (b) wind turbine blades.   
The parameter ‘t’ representing the thickness of the chain links illustrates the safety 
against ultimate failure. The figures are estimated based on experience in this PhD-
project and panel tests prepared by colleagues at DTU-Campus and Risø DTU, see ref. 
[2], [5], [27], [61]. The arrows represent the safety of the chain illustrated by unit forces. 
In Figure 6b the chain can carry two times the unit force while the Figure 6a  only one 
unit force can be carried.  
 
Figure 6a illustrates that the material strength enjoys a very large safety margin in 
modern wind turbine blades. This assumption is based on experimental work [2], [5], 
[7], [27], [61] where panels from three blade manufacturers have been tested in 
compression. The experimental setup and the materials, layups and the production 
methods were similar to the actual blade. Strains measured in the panel tests, with 
large defects, were in the range of 20-25000μS, which is a factor of 4-5 times higher 
than those measured in full-scale tests, see ref. [37], [38], [88].   
For panels with a large embedded defect the strain levels were in the range   
of 10-15000μS, which is a factor 2-3 higher than obtained in the full-scale tests. 
 
Figure 6 also illustrate that the safety margin (or reliability) of the optimized (Figure 
6b) chain can carry double the load of the chain shown in Figure 6a representing 
current wind turbine blades. 
Testing and Finite Element Analysis 
Subcomponent testing (level 2 and 3 in Figure 5) will be of increasing importance in 
the future since the size of the blades, the number of manufactured blades and the 
Wind turbine 
blades 2008 
Future Wind 
turbine blades  
Fig. 6a 
Fig. 6b  
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general cost increase. Full-scale testing is a very costly and time consuming final 
verification of the design and all technical risks associated with the full-scale testing 
are sought minimized through testing on coupon and component level as well as non-
linear FE-analysis. Finite Element Analysis (FEA), however, has certain limitations. 
FE analysis does not take defects from the manufacturing process into account and 
failure criteria of composites are inaccurate particularly under non in-plane loading 
conditions. Failure criteria may be improved by taking fracture mechanical failure into 
account, but today it is unrealistic to include all types of interlaminar crack growth in 
an analysis of an entire wind turbine blade or a larger section, mainly due to 
computational limitations. Furthermore, the input to fracture mechanics models e.g. 
the cohesive opening laws (ref. [23], [81], [91]) still need further development before 
they are reliable at all load conditions. Particularly the mix mode opening problems 
are not fully understood, see ref.  [78], [79], [81], [91].  
 
As mentioned, more systematised experimental testing should be used in connection 
with large numerical non-linear FE-models which do not necessarily take failure into 
account, but which take more complex loading into consideration. The increasing 
complexity of the FE-models, including the non-linearity and the complex load cases, 
will introduce new elastic failure mechanisms which have not received much attention 
today. This is explained more in details in Chapter 5.   
 
The main purpose of rotor blade testing is to verify its structural strength for static and 
fatigue loading. The main advantage of full-scale testing, compared with numerical 
FE-simulation, is that it gives a ‘true’ picture of the blade’s capacity (fatigue and 
ultimate strength), including defects from production. This, however, only holds for 
the load case tested, and unfortunately only a few simple load cases are tested on one 
or a few blade samples. These are typically two flapwise and two edgewise load cases. 
The combination of these loads should also be considered in the future, since this is a 
realistic load scenario, see Figure 7. Here, a typical distribution of the aerodynamic 
pressure is illustrated resulting in combined flap- and edgewise load cases. 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.   Aerodynamic loads on a wind turbine blade (pressure and drag) including gravity loads 
result in combined flap- and edgewise load case. 
FE-studies, presented in Section 6.4, have shown that this should be considered more 
carefully in the future. Failure mechanisms and stress distributions different from  
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those of the traditional load cases tested have been observed when combined loads are 
applied. Also, the way in which loads are applied in the full-scale test should be 
reconsidered since the contour of the typical clamps used for load application prevent 
the blade from distorting in a realistic manner, see Figure 8a. The influence of the non-
realistic load introduction is analysed in Section 6.4 and 7.4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8a  Fig. 8b 
Figure 8.  Different ways to apply load to the blade structure a) Loading clamp used at Blaest test 
centre b) Anchor plates are used in the full-scale tests at Risø DTU.  
New clamps currently being developed at Risø DTU (called anchor plates, see Figure 
8b) will allow transverse shear distortion and are used in the coming full-scale tests, 
see Section 9.2 
1.4  Current work and organization of the PhD-thesis 
In the present PhD-project, the structural strength of large wind turbine blades with a 
load carrying box girder has been studied. A combination of experimental and 
numerical work has been used to address the most critical failure mechanisms, and to 
get an understanding of the complex structural behaviour. Focus has been placed on 
level 1-2 in the pyramid shown in Figure 5. Especially the load carrying box girder has 
received attention as it is the most important structural member. Results from levels 3-
4 have – to a smaller extent – been included in the work. The experimental work on 
these scales have mainly been performed by master students at DTU, Department of 
Mechanical Engineering and PhD-students at Imperial College – London, Department 
of Mechanical Engineering, see ref. [15], [37], [63], [71], [72]. All the tested 
specimens in the references are from SSP-Technology and related directly to the 34m 
SSP-blade tested in this PhD-project. 
 
Five full-scale tests have been performed investigating the performance of an original 
design as well as improved designs with various types of structural reinforcements. 
New, advanced measuring equipment has been employed to detect the critical failure 
mechanisms. The full-scale tests are compared and a discussion of failure mechanisms 
and influence of the implemented structural reinforcement is presented.   
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The knowledge gained from the full-scale tests, FE-analysis and studies on 
aeronautical structures resulted in the proposal of six structural reinforcements. The 
suggested reinforcements prevent different structural elastic failure mechanisms. The 
effect of some of the suggested reinforcements were demonstrated experimentally and 
others through FE-analysis. The focus was on the blade design from the industrial 
partner (SSP-Technology), but most of the addressed failure mechanisms and 
suggested reinforcements are expected to have relevance for other blade designs as 
well.  
 
In the present PhD-project only the static strength was studied. However, the majority 
of failure mechanisms, as well as suggested reinforcements, are also relevant for 
dynamic fatigue loads. Buckling is one of the elastic mechanisms, which sometimes 
are found critical for wind turbine blades, but in this thesis other elastic mechanisms 
have been found to be more critical for the current SSP-blade design.  
1.5  Organization of the PhD-thesis 
This thesis is composed as follows. 
 
Chapter 2. An overview of the full-scale tests is presented. Advantages and 
disadvantages of testing a load carrying box girder vs. an entire blade are discussed. 
 
Chapter 3. Measuring equipment used in the full-scale tests is presented.  
 
Chapter 4.  One of the FE-models is presented and a calibration approach used in the 
FE-studies is discussed. The chapter ends with a description of how the combined 
loads are included in the FE-studies. 
 
Chapter 5. Elastic structural phenomena observed during full-scale tests and in the 
numerical analysis are presented. Elastic responses such as buckling, localized 
bending and the Brazier effect are studied. 
 
Chapter 6. Four failure mechanisms observed during the full-scale tests and the FE-
modelling are presented. The relevance of observed failures to future blade designs is 
discussed. 
 
Chapter 7. Based on the knowledge of the elastic responses and the observed failure 
mechanisms, six structural reinforcements are suggested and presented in this chapter. 
Two of the suggested reinforcements (ribs and cap reinforcement) are validated in 
full-scale tests, and the test results are given. Another type of reinforcement is 
validated by experiments on a component level. The three last structural 
reinforcements have not been verified by experimental tests; only numerical work has 
been performed, but plans for experimental work (proof of concept) are presented. 
Future blade designs utilizing combined reinforcement are presented at end of the 
chapter.  
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Chapter 8. Conclusions based on comparisons of experimental full-scale tests are 
presented. 
 
Chapter 9. Conclusions and future work are presented.  
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2 Full-scale  tests 
In the present PhD-project one blade and two box girders have been tested. The blade 
and the box girders are manufactured by the industrial partner, SSP-Technology. The 
second box girder was subjected to three full-scale tests with different reinforcements 
inserted. Results from full-scale tests are presented in Chapter 6-8 and in three data 
reports, see ref. [37], [38], [88]. The experimental results are analysed in Chapter 6-8 
and in following papers [7], [28], [39], [41], [42], [43]. 
  
This chapter starts with an overview of the full-scale tests and the introduced 
reinforcements. 
 
2.1 Overview  of  full-scale  tests 
The five full-scale tests performed in the present PhD-project are listed in Table 1. 
 
Full-
scale test 
Blade/Box 
girder 
Additional 
reinforcement 
Test period 
Figure 
reference 
Test 1  Blade 1  No additional reinf. Spring  2005  Figure  9 
Test 2  Box girder 1  Web+Tophat reinf.  August 2006  Figure 10 
Test 3  Box girder 2  Web reinforcement  March 2007  Figure 11 
Test 4  Box girder 2  Web + Cap reinf.  March 2007  Figure 66 
Test 5  Box girder 2  Web + Rib reinf.  April 2007  Figure 60 
Table 1. List of full-scale tests performed in the PhD-project. The additional reinforcements 
mentioned are described in detail in Chapter 7. 
The first full-scale test was done on the blade without any additional reinforcement. It 
was a part of a certification test, which the blade passed without any problems. See 
ref. [88]. After the certification test, destructive testing was performed; still without 
additional reinforcement, but with extra measuring equipment. The destructive testing 
and the extra measurement equipment setting is a part of this PhD-project, see Figure 
9.   
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Figure 9.  Photo of the first full-scale test of a 34m SSP-blade with extra measuring equipment. 
The four following full-scale tests were conducted with the load carrying box 
structure, mainly to minimise costs, but other advantages were also taken into account. 
An explanation of this is given later in this chapter. The tip section from 25-34m was 
not important for the scope of this test. Therefore it was cut off. This reduced the cost, 
since two load stations in the tip are neglected, see Figure 10 and Figure 11.  
 
Figure 10.  Photo of the first shortened 34m SSP-box girder (test 2). The box girder has been 
shortened to 25.5m. 
The second box girder (test 3-5) was tested with the same load distribution and 
boundary conditions as the first box girder test (test 2). The only difference is that the 
second box girder had no top hat reinforcement, see explanation later in this chapter. 
Both box girders had reinforcement on the shear web connections, because the first 
full-scale test had revealed a weak point here, see Section 6.3. 
 
 
 
 
 
 
 
 
 
Figure 11. Photo of the second box girder test (test 3-5). The second box girder has also been 
shortened to 25.5m 
Test with top hat 
reinforcement 
Test with wire 
reinforcement  
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The second box girder tested was involved in three independent full-scale tests where 
two different types of reinforcement were investigated. The first test with the second 
box girder (test 3) was performed to be a good reference for comparison for the 
following test as it had no wire reinforcement in the cap area. Hence, the three tests for 
the second box girder were:  
 
1) Without cap reinforcement (test 3)  
2) With cap reinforcement (test 4) 
3) Without cap reinforcement but with rib reinforcements (test 5) 
 
The cap and rib reinforcements are presented in chapter 7. 
2.2  Loads in the full-scale tests 
The first blade was part of a certification process and the flap-load distribution was 
based on an extreme load situation including safety factors. The same load distribution 
was used in the ultimate failure test, except that the tip region did not have much load 
as there was limited space when the blade had a tip deflection in the area of 4-5m. The 
4 other loading stations had enough space and here the loads were up-scaled until the 
blade collapsed, see Figure 12. The load values shown in Figure 12 correspond to 
blade failure. The safety margin from the certified loads to failure loads is 
confidential.  
 
Figure 12. Sketch of the 34m SSP-blade. The load values shown correspond to blade failure. 
In the tests of the shortened box girders, the three clamps have similar positions as for 
the first full-scale test, see Figure 13.  
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Figure 13. Sketch of a shortened box girder with applied forces. The loads shown represent 100% 
load, referring to the failure load observed in the first full-scale test, see loads   
in Figure 12.   
In full-scale tests 2-5 (box girder tests) the loads in tip region (25m-34m) have been 
substituted by a single load at 25m. This causes the maximum moment to be reduced 
and the moment distribution to change. Extra forces were distributed to the 13.2m and 
19m clamps to compensate for the reduced moment. The moment distribution is then 
changed, compared with the first full-scale test, see Figure 14a. 
 
In region 0-13.2m., which is of major importance in this PhD-project, the moment 
distribution is similar to the first full-scale test. The shear force distribution has also 
changed, but is higher for tests 2-5 than for test 1, see Figure 14b. This makes the 
comparisons between test 1and tests 2 to5 conservative. The comparisons are made in 
Chapter 8. 
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Figure 14. Comparison of moment and shear force distribution for 34m blade test (test 1) and 
shortened box girder tests (test 2-5) a) Moment distribution b) Shear force distribution. 
The loads applied from test 1 and the resulting root moment are used as a reference for 
all other tests (test 2-5) in this thesis.   
2.3 Test  setup 
Considerations on selecting either a full blade or only the box girder for testing are 
given in the following.  
 
Apart from savings in manufacturing cost there are other advantages associated with 
testing only the load carrying box girder. For instance, such testing allows 
measurement equipment to be mounted on the outer faces of the box girder, since the 
aerofoil section not is included in the full-scale test. The largest difference in testing a 
full blade and a box girder is that buckling and transverse shear distorsion becomes 
important issues.  
Fig. 14a 
Fig. 14b  
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Buckling becomes critical in the root section when the aerofoil is removed 
Even though the aerofoil on average carries approximately 10% of the flapwise 
bending load, the flexural bending stiffness of the load carrying caps decreases with a 
larger amount. Consequently, the buckling capacity is reduced by 30-40% due to the 
aerofoil not being represented in the load carrying cap, see Figure 15. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Buckling capacity of a blade and a box girder a) Sketch of a blade b) Sketch of a box 
girder cap is buckled due to reduction in buckling capacity when the aerofoil is 
removed. 
In the area close to the root section, where the span of the blade is much larger, the 
aerofoil contributes much more to the flapwise bending stiffness than the 10% 
referenced above.  As a precaution against buckling a tophat girder has been added to 
the first box girder in the first 9m of the blade. In this area buckling is normally not 
critical; however when the aerofoil is removed FE analyses have shown that this area 
can be sensitive to buckling failure on a low (50%) load level, see ref. [41]. This 
failure mode is unrealistic (and unwanted) since it would never occur on a blade that 
includes the aerofoil. Consequently, a top-hat girder section has been added to the box 
girder in order to compensate for the removal of the aerofoil, see Figure 16.  
 
 
 
 
 
 
 
 
 
Figure 16. Tophat girder added to the first box girder structure to compensate for the removed 
aerofoil and eliminate an unrealistic buckling failure in the area (2-9m), where the 
removed aerofoil carries a large part of the flapwise loads due to the wide cord in this 
area.  
Fig. 15b  Fig. 15a  
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The aim is to increase the flexural bending stiffness so no buckling failure is observed 
in this area. The tophat girder had an extension from 2-9m from root and the box 
girder failed at 10m, see Section 6.3 and ref. [41]. The second box girder had no 
tophat reinforcement, but longitudinal bulkheads were used at different positions 
depending on the purpose of the test. In test 3-4 the purposes were to identify localized 
bending or buckling even though it was happening in a region where buckling 
typically would not occur. Further explanation is given in Section 7.2, and a more 
comprehensive description is given in ref. [38]. 
Transverse shear collapse is critical when box is tested without aerofoil 
 
Another unwanted (and unrealistic) failure mode, which is critical when the aerofoil 
has been removed, is the transverse shear distortion of the box section, see Figure 17a.  
 
 
 
 
 
 
 
 
 
 
Figure 17.     Transverse shear distortion of a box girder in a flapwise test a) FE-study performed 
before the experimental test showed that the box girder might fail in a transverse shear 
collapse b) Supports used in the full-scale tests eliminate transverse movement 
(perpendicular to the load direction) and transverse shear collapse was prevented. 
The transverse shear collapse is unrealistic because the outer skin to a certain extent 
prevents this failure mode.  
 
This unwanted structural failure mechanism has been prevented in test 2-5 by 
including extra supports to avoid this unwanted shear distortion failure, see figure 17b. 
In figure 18 a sketch shows where the three supports, which have been placed in the 
test and it is important to notice that no supports has been added in the 10-12m 
section, which has to be the critical area.  
 
 
 
 
 
 
 
 
Figure 18. Sketch revealing positions of three supports applied to avoid transverse shear collapse. 
Fig. 17a 
Fig. 18 b 
Fig. 17b  
www.risoe.dtu.dk  
3  Measurement equipment used for full-scale 
tests 
In the five full-scale tests performed in the present PhD-work different measuring 
techniques have been used. This chapter describes some of the measuring techniques 
very briefly. In this thesis mainly the results from the Aramis system, strain gauges 
and displacement sensors are used. The results are presented in chapter 5-7.  More 
comprehensive descriptions of the test equipment and the results can be found in ref. 
[37], [38], [88].  
 
The methods used in the full-scale tests are:  
- Strain gauge measurements – Section 3.1 
- Mechanical displacement measurements – Section 3.2 
- Aramis (Digital Image Coloration - DIC) – Section 3.3 
- Fringe projection (Digital Image Coloration-DIC) – Not presented in this thesis, see 
ref. [37] 
- Acoustic emission – Section 3.4 
- Vacuum hood (NDT-technique) – Section 3.4  
- Ultrasonic scanning – Air coupled (NDT-technique) – Section 3.4 
 
The Author has only been responsible for the strain gauges and the mechanical 
displacement measurements. Experts were invited to the full-scale tests, and they 
performed the NDT scans of the blade as well as the DIC-measurements. In this thesis 
the focus will be on the measurements performed by the Author, but all measurements 
have contributed to the conclusions in Section 5-9. 
3.1  Strain gauge measurements in the full-scale tests 
In the certification test of the 34m blade, performed before test 1, 65 strain gauges 
were used. They were all orientated in the longitudinal direction, see Figure 19, taken 
from ref. [88]. 
 
 
 
 
 
 
 
 
 
Figure 19.  Strain gauge locations on the outer surface of the blade in the first full-scale test.  
The figure is taken from ref. [88]. 
  
Risø-PhD-34(EN)     19 
Additional strain gauges were put inside the box girder, based on preliminary FE-
study of the Author, see Figure 20.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20. Additional strain gauges inserted inside the box girder in the first full-scale test. The 
table is from ref. [88]. 
The strain gauges on the cap are all positioned in longitudinal direction, and one   
of the purposes is to detect buckling or localized bending, see explanation in Section 
5.2 and 5.3, respectively. In the actual case there is no guarantee that a buckling wave 
would have been identified since the wave length (2 half waves) is typically   
1-1.5m long, and the distance between the strain gauges are approx. 2m, see Figure 19. 
According to the guidelines of ref. [51], six strain gauges per wave length are used. 
 
In the first box girder test (test 2), a much larger number (330 strain gauges) of strain 
gauges were used compared to the first test. Most of the strain gauges were located in 
the small area, where the box girder was expected to fail. The box girder failed in 
10m, and in Figure 21 it is shown how the 31 strain gauges which were placed in that 
section.   
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Figure 21. 31 Strain gauges in section (10m), which failed in the first box girder test (test 2).  All 
strain gauges were placed ‘back to back’. 
Thanks to the measurements from the large numbers of strain gauges and from the 
other equipment it was rather easy to find and document the failure mechanisms for 
this first box girder test (test 2), see chapter 5 and 6.  
3.2  Mechanical displacement sensors in a cross section 
Displacement sensors are used in certification tests to verify global bending of the 
blade, but in the full-scale tests performed in this PhD-study the aim of using 
displacement sensors has been totally different. The aim has been to measure 
distortion of the profile, also known as ‘local deformations’. Local deformations are 
measured using displacement transducers mounted as shown in Figure 22. 
 
Figure 22. Mechanical displacement sensors in the first box girder test (test 2). Displacement 
sensors in the 10m cross section are shown. 
On the outer side of the box girder, displacement sensors were mounted in order to 
measure local deflections of the compression cap centreline. This equipment has been 
used in both the first full-scale test of the SSP34m blade and the following box girder 
test, see Figure 23.  
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  Fig.  23a      Fig.  23b 
Figure 23. Displacement sensors measuring the local (relative to the box corner) deformation of the 
out of plane deformation of the cap centreline a) Cap deflection sensors on the first full-
scale test b) Cap deflection sensors on the first box girder test (test 2). 
Cap deflections were measured in 7 sections for both full-scale tests, shown in  Figure 
23. Results are analysed in chapter 5+6, but a more comprehensive description of the 
test setup is presented in ref. [37]. 
  
Displacement sensors were also mounted inside the box girder at both shear webs, see 
Figure 22 and Figure 24. The sensors measured individual deflection between the 
webs and the reference frame in the centreline. Measurements of web deflections were 
preformed in 3m, 4m, 8.6m, 10.1m, 10.6m, 11.1m and 12.1m. 
 
 
Figure 24. Displacement sensors mounted inside the box girder looking towards the tip. The sketch 
of measuring equipment in Figure 22 is rotated by 90° with respect to this photo. 
Details regarding the installed measuring equipment are given in ref. [37].  
Diagonal displacement sensors were also mounted inside the box girder, so any 
transverse shear distortion could be observed. In 10.4m a cap to cap displacement 
sensor was mounted, measuring from compression cap to tension cap, so the reduction 
Web 
displacement 
measurement  
Shear cross 
measurement
Reference 
frame for 
web sensors 
Cap to cap 
measurement 
DIC-System 
(fringe 
projection)  
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in profile height could be found, see Figure 22 and Figure 24. All results from the box 
girder tests be found in ref. [37],[38] and the blade test in ref. [88]. In this thesis, only 
few relevant results are presented, see chapter 4-7, but almost all measurements have 
been used to get a full picture of the failure event. 
 
The numerous mechanical displacement sensors have also been used for validation 
and calibrations of the FE-models, see Section 4.1. 
 
The deformation measurements have also been used for the verification of new 
advanced measurement equipment such as two DIC-measuring systems. 
3.3  DIC-system used for measuring deformation panels   
on a local scale  
In order to measure surface deformation on a local scale, two DIC-measuring systems 
(Fringe projection and Aramis system) have been used. In this thesis, only the Aramis 
system, which gave the most accurate results, is presented. The Aramis system is an 
optical measurement system which is able to measure 3D deformation and surface 
strain of an object by DIC of images taken with two cameras. In the full-scale tests, 
only the local out-of-plane deformation had a sufficient tolerance, as the large flap-
wise bending of the box girder structure was disturbing the accuracy of the results. 
Details regarding the two measuring systems can be found in ref. [37], [59]. The 
Author has no knowledge of others, who have used DIC-systems in full-scale tests of 
wind-turbine blades before. Markus Klein and Jeppe Laursen from Gom/Zebicon were 
invited to do the full-scale tests, and they performed the Aramis measurements.  
 
The deformation, which has been measured, is the out-of-plane deformation of the 
compression cap. This local deformation is determined by subtracting the global 
deflection (rigid body movement) from all measured points/coordinates (the entire 
measuring area) and thereby getting a fairly good estimation of local deformation. In 
Figure 25 the measuring equipment is shown from behind, facing the compression 
side of the box girder.   
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Figure 25.  Aramis equipment positioned in front of the measuring area. Test setup for the first box 
girder (test 2) is shown. 
During full-scale test 2, measurements were performed using Aramis on the box 
girder’s compression side in the distance of 9m to 12m from the root, see Figure 25.  
 
In full-scale test 3 and 4 the Aramis system was used to perform measurements in a 
larger area, i.e. between 5 and 12m from the root, see Figure 26. 
 
 
 
 
 
 
 
 
  Fig.  26a      Fig.  26b 
Figure 26. In full-scale test 3 and 4 the Aramis system was measuring surface deformations in a 
larger area by measurement in two steps (unload and move the Aramis system and  load 
again).  
This was done by diving the area into two, one located between 5-8.5m and one 
located between 8.5-12m, since the Aramis system (4MB) is not able to measure 
deformations on a larger surface than 3.5x3.5m without large measuring uncertainty 
on the local deflection on the cap surface. Since two Aramis systems were not 
avaiable, measurements had to be done in two steps, first measure in one area and then 
unload, move the Aramis system and upload again. Details about the measurements 
can be found in ref. [37], [38]. The measured results from the two box girder tests are 
discussed in chapter 5-7.  
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3.4  Structural health monitoring 
In the full-scale tests experts in structural health monitoring techniqes were invited,  
see ref. [37]. The structural health monitoring techniques used included: 
- Acoustic emission 
- Vacuum hood (Non Destructive Test (NDT-technique)) 
- Ultrasonic scanning - air coupled ultrasonic (also NDT-technique)  
 
In the Acoustic Emission method the damage in the blade structure is recorded with 
microphones. When certain dynamic processes occur in the material, some of the 
released energy generates elastic stress waves, we might say vibrations. These stress 
waves are propagated from the source and can be detected by sensitive transducers. 
Once amplified, the signal from these transducers is available for further analysis. 
Information about the location, severity and nature of the event causing the stress 
wave emission can be deduced from the received signals. 
 
The vacuum hood and ultrasonic scanning are two NDT-techniques which can scan a 
composite lamina (or another material) and detect flaws, voids and defects in general. 
Vacuum hood is a method which induces a small force (8-14 kilo) onto the test area 
utilising a vacuum hood system.  The small out of plane deformations can then be 
measured and flaws etc. can be detected. The details about this measuring method can 
be found in ref. [37] or at www.laseroptical.co.uk.  
 
Acoustic emission and the vacuum hood methods were used during the test and 
ultrasonic scanning was performed after the blade has been cut up in pieces, since it 
was not possible to bring the scanning system to the full-scale test facility and scan 
large structures during the testing. This was possible for the vacuum hood system, but 
unfortunately the accuracy of the scanning results were not satisfactory, so 
improvements must be done before the technique can be used to detect delaminations 
with a sufficient accuracy, see ref. [37]. 
 
The acoustic emission measurements were performed by Malcolm McGugan from the 
Department of Materials Research at Risø DTU, and the system was used in full-scale 
tests 2-4. The main purpose of this system is to detect when cracks start to progress, 
and especially to give an early warning, when the cracks start to grow in an unstable 
manner. When this is the case, it is time to stop the test and verify the local damage 
progression. With this technique it is also possible to quickly move or add extra 
measurement (sensors) in the area, where the increased acoustic noise has occurred. 
The method and the results from the full-scale test are described in details in ref. 
[37],[38].  
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4 FE-model 
In the first part of the FE-work, a sub modelling technique with non-linear boundary 
conditions has been used, see ref.[39], but in the last part of the PhD-work no sub 
modelling approach has been used. Instead a very efficient cluster has been used, 
which makes it possible to solve the complete non-linear (geometry) models. 
 
Results from different FE-models are presented in Chapter 5-7 depending of the 
purpose of the analysis, e.g. investigations of reinforcement, blade or box etc. In this 
Chapter the FE-model of the load carrying box girder containing both shell and solid 
elements is presented, see Figure 27.  
 
 
 
 
 
 
 
 
 
   Fig.  27a      Fig.  27b 
Figure 27.  FE-model a) Entire model (no elements shown) of the shortened (25m) box girder b) 
Section of finite element model.  
The cross-section of the box girder, see Figure 27b, can be divided into:  
•  Caps (flanges) 
•  Shear webs 
 
The caps are made from thick laminates and are modelled with 4-noded layered shell 
elements (Quad4), using a thick shell formulation (taking shear deformation into 
account). The elements are located at the mid-thickness of the caps, and shell offsets 
are therefore not needed. 
 
The webs are modelled with a combination of shell and solid elements. The thin skins 
on each side of the webs consisted mainly of bi-axial lamina and are modelled with 4-
noded layered shell elements placed in the mid-thickness of the material. The core 
material in the shear webs is modelled with 8-noded orthotropic solid brick elements 
(Hex8), with one element through the thickness. Furthermore, the reinforcement of the 
webs (see Figure 3b) consists of adhesive and is modelled with 8-noded solid brick 
elements (Hex8). 
 
MSC-Patran and the laminate modeller module were used for pre- and post 
processing. MSC-Marc was used as non-linear FE-solver. A relatively coarse mesh 
density is furthermore applied at the first 6 meters and the last 5 meter of the box 
girder to minimize the degrees of freedom. From 6 to 21 meters the FE-model consists 
Layered 
shell 
element
Solid element  
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of a mesh with 128 elements circumferentially and an element aspect ratio no bigger 
than 2. The entire model has 150000 nodes. The computations were carried out on a 
computer cluster with up to 240 nodes (one processor machines). In this particular 
case, 12 nodes were used. The computational time was approx. 1 hour with 40 load 
steps.  
 
The numerical work has been useful in order to obtain a comprehensive understanding 
of the structural mechanisms, while the full-scale tests have acted as a tool for 
identifying failures.  
4.1 Calibration of stiffness in the FE-model based on 
experimental results 
Working with large wind turbine blades made of fibre composites, a large margin of 
manufacturing tolerances must be accepted. SSP-Technology uses a relatively high 
quality production method (prepreg without autoclaving), but still there are 
manufacturing defects, which must be taken into account in the evaluation of the 
strength. Manufacturing tolerances are most pronounced in areas, where prepreg 
layers terminate, such as the corner of a box girder, see Figure 28a and b which shows 
the variability of the box girder corner. In the FE-work an approach is used which 
calibrates the FE-model before accurate predictions of strains and deformations on a 
local scale can be predicted. In Figure 28c the shell elements in the box corners are 
used to calibrate the corner stiffness thus indirectly taking the variability into account.  
 
 
 
 
 
 
 
 
 
 
 
 
           
Figure 28. Design and manufacturing tolerances influence the corner stiffness of a box girder   
a) and b) Box girder corner with different thicknesses due to manufacturing tolerances c) 
Section of a FE-model which shows a shell element, which can adjust the corner 
stiffness. 
“Adjustable” shell 
elements to adjust 
corner stiffness
Fig.28a 
Fig.28b 
Fig.28c  
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These areas have been adjusted so the FE-model shows the right deformations. This is 
only necessary for simulating the complex non-linear geometry behaviour on the local 
scale. Global results, such as tip deflection and eigenfrequencies etc., are generally 
easy to predict, and a coarse linear shell model is often sufficient. 
 
The stiffness of the corner used in the FE-model, is adjusted so the deformation 
measured during the testing fits satisfactorily. In Figure 29, cap and web deflections 
have been compared. More details can be found in ref. [39]. 
 
    Fig. 29a    Fig. 29b 
Figure 29. Comparison of measured deflections and numerical results in 10.3m after calibration of 
the box corner stiffness a) Comparison of cap deflection b) Comparison of web 
deflections 
Experiences from the different full-scale tests with the same type of blade (SSP34) 
have shown that the corner stiffness found in the first full-scale test also represents the 
following blades corner stiffness satisfactorily. This means that a representative 
stiffness only has to be determined once. Of course, if the design, materials, lay-up or 
production methods change dramatically, new corner stiffness must be considered.  
4.2  Realistic combined load scenario 
In Figure 30, the aerodynamic drag and pressure (shown in Figure 7) are simplified 
with single forces. This solution is used in the FE-calculations presented in Chapter 5-
7. 
   
Fig. 30a            Fig. 30b  
Figure 30. Aerodynamic and gravity loads applied to the FE-model a) Aerodynamic and gravity 
loads represented by single force vectors b) In the FE-model the aerodynamic pressure 
is distributed in the box corners, and the gravity is included as inertia forces. 
Measured web deflections in 10.3m 
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In Figure 30b, the aerodynamic drag and pressure (shown in Figure 7) are simplified 
with single forces. This solution is used in the FE-calculations presented in Chapter 5-
7. In the FE-analyses the gravity forces are also taken into account in two separate 
load cases; one where the blade has the trailing edge towards the ground, and the other 
one in the opposite position. This is simplified in Figure 7b by two single forces, but 
in the FE-model, gravety is represented by volume forces.   
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5 Elastic  response  of a blade box design 
Three elastic phenomena have been found to be of great importance for the structural 
response and strength. They are presented in the following sections: 
 
Section 5.1: Brazier load – Geometrically non-linear phenomena  
Section 5.2: Buckling – Geometrically non-linear phenomena  
Section 5.3: Localized bending - Linear phenomena 
 
5.1  Brazier load – Geometrically non-linear phenomena  
When a wind turbine blade bends in the flapwise direction, the compressed panel 
produces a downward crushing load normal to the surfaces. The opposite occurs on 
the lower panel, see Figure 31 and Figure 33. This nonlinear deformation or 
‘flattening’ of the cross section is also known as the Brazier effect [9], [12], [13] and 
is most pronounced for long thin hollow beams subjected to bending. 
 
Figure 31.  Flapwise bending results in crushing pressure a) Longitudinal curvature results in   
an inward crushing force b) Crushing pressure on a wind turbine blade section. 
Since von-Karman [84], it has been recognized that thin-walled, hollow structures 
under bending suffer a flattening of the cross-section. This flattening manifests itself 
as an ovalisation in circular sections and a ‘sucking in’ for squared tubes, see Figure 
32. 
 
 
 
 
 
 
 
Fig. 32a   
Figure 32.  Inward crushing forces on a thin walled structure subjected to bending, leading to 
flattening of the cross-section. a)  Ovalisation of a circular section. Figure from ref. 
[12] b)  ‘Sucking in’ of a squared tube - figure from [69]. 
The flattening effect is caused by internal forces and appears when large deformations 
are taken into account. When large deformations of e.g. a box girder cross section 
Crushing pressure due to 
flexure bending
Trailing web Leading web
Fig. 31a  Fig. 31b 
Fig. 32b  
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subjected to a bending moment are taken into account, the forces in the flanges can be 
resolved in transversal and longitudinal components, see Figure 33. The transversal 
components are responsible for the flattening effect. Only structures with a 
longitudinal bending curvature have these resulting forces.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 33. When large deformations of a box girder cross section subjected to a bending moment 
are taken into account, the forces in the flanges can be resolved in transversal and 
longitudinal components. The transversal components are responsible for the flattening 
effect.  
The distortion reduces the section’s second moment of area and thus it’s bending 
stiffness. Brazier [8], [9], however, was the first to realize, that such a reduction in the 
second moment of area would lead to a non-linear bending response and eventual 
structural collapse. Since this time, the analysis of this non-linear response has 
progressed into the investigation of composite structures [47], non-circular cross-
sections (e.g. ref. [12], [13], [74]) and aerofoil sections. From Brazier, the crushing 
pressure acting on a local section of the cross-section (per unit length) is given by: 
 
2
11 11
1 1
κ κ ε ψ ⋅ = ⋅ = z
A A
x braz        (1) 
 
where κ denotes the longitudinal curvature of the cross-section, z the distance to the 
neutral axis, ε the local strain and 1/A11 is the laminate’s axial, in-plane stiffness (for 
isotropic materials it is the Young’s modulus multiplied by the wall thickness). As a 
result, the crushing pressure increases with the square of the curvature of the section, 
and thus (before large cross-sectional deformations occur) with the square of the 
bending moment: 
 
()
2
2
11
1
I E
M z
A
braz
⋅
⋅
= ψ          (2) 
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As will be shown later, the Brazier effect as simplistically described in eqs. (1) and (2) 
is included in both the non-linear FE-analysis and in the experiments, see Section 6.2 
and 6.3. 
5.2  Buckling – Geometrically non-linear phenomena   
Buckling is a structural instability phenomenon for structures, which are loaded in 
compression. The behaviour of shell-like structures under buckling is characterized by 
limit points rather than a bifurcation point. With linear buckling analysis, the 
bifurcation point is obtained as the solution to an eigenvalue problem. Accordingly, 
linear buckling analysis is a guideline for the design load, to which a suitable 
reduction factor is called for. The size of the reduction factor may be obtained by 
further analysis and/or substantial testing. In the analysis of shell imperfection 
sensitivity it is necessary to investigate the geometrically non-linear structural 
response. This is done in ref. [51] including a comprehensive analytical buckling 
theory study. In this thesis no buckling theory is included, and only non-linear 
geometrical FE-studies and experimental results are used to decide, whether buckling 
is critical or not. 
 
Figure 15 and Section 2.3 discusses the reduction in the flexural stiffness of the caps, 
when the aerofoil is removed. FE-studies showed that the root section in particular is 
critical to buckling, when the aerofoil has been removed. This was solved by 
implementing tophat reinforcement in the first 9m, see Figure 16 and explanation in 
Section 2.3. In the present context, only the sections important for relevant (realistic) 
failure mechanisms are studied. In these areas DIC measurement has been used 
including mechanical deflection sensors and strain gauges, see Chapter 3. The photo 
with a coloured fringe pattern, shown in Figure 34, is a typical result generated by the 
DIC measuring system from the first box girder test (test 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 34.  Measurement of the local cap deformations (out-of-plane) in the first box girder test 
(test 2). The results from DIC measurement are superimposed to a picture of the cap 
surface.   
Calibration 
plate used 
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rigid body 
movement  
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A special technique was developed in order to remove ridig body movement from the 
displacement measurements on the cap surface. This involved use of a so-called 
calibration plate, see Figure 34.  This calibration issue is only briefly discussed in this 
thesis; more details can be found in [37], [59]. The cap deflections shown in Figure 34 
are also plotted in Figure 35  (blue curve), but with a calibrated deformation 
compensating for the ‘error’ in the local deformation. ‘Error’ means that the global 
deformations are deducted from deformations of the box girder so only the local 
deformation of the centreline is plotted. This compensation is made by taking the two 
corner deformations and subtracting them from the centreline value, see ref. [59]. The 
results from the FE-calculations are also plotted (red curve), and a good match was 
found with the experimentally measured cap deformations, see Figure 35.  
 
Figure 35. Local deformation of the cap centreline in the 8.5m-12m area, show a ‘waving’ 
deformation behaviour measured in the first box girder test (test 2). The blue curve is 
experimental measurement using the DIC system and the red curve is the numerical 
FE-results. The graphs are plotted with a load (78%) close to the failure load (80 %).  
The waving behaviour in Figure 35 does not reveal whether this is buckling or 
localized bending, but strain behaviour at a point gives information about the changes 
in the structural behavior, see Figure 36. Buckling is a non-linear phenomenon while 
the localized bending is linear, see explanation in section 5.3. A plot of the ‘back to 
back’ longitudinal strains on the compressive side in 10m shows that the non-linear 
buckling behaviour starts at approx. 70% load, see Figure 36.  
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Figure 36.  ‘Back to back’ strain measurements in 10m, showing buckling behaviour   
 at 70% load. The results are from the first box girder test (test 2). 
The difference in strain levels in the linear range is not caused by buckling, and the 
next section will elaborate on this linear behaviour. 
5.3  Localized bending - Linear phenomena 
The term localized bending is used in this thesis when the cap bends locally, but 
without showing buckling behaviour. The localized bending phenomenon is identified 
both at caps in compression and in tension. The localized bending may be caused by 
several reasons e.g. asymmetric layup, non-in-plane loads, non-smooth geometry, see 
Figure 37. 
 
 
 
 
                  Fig. 37a 
 
 
 
 
                  Fig. 37b 
     
 
 
 
                   Fig. 37c
     
 
 
Figure 37. Sketch which illustrate potential reasons for localized bending a) Non-smooth geometry 
b) Offset in applied loads c) Non-symmetric layup. The arrows indicate sectional 
forces. 
For the box girder in question, the localized bending is mainly caused by the geometry 
and not by non-symmetric layup or offset in the loads. This local bending behaviour is 
found to be a linear phenomenon. In principle, it would also be possible to have non-
linear localized bending behaviour. However, this requires much larger changes in the  
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Large change in cap height
6 - 8 m
geometry than is represented for the actual blade. In the SSP 34m blade there is a 
significant geometry change in the cap curvature in the transition area (6-8m), see 
Figure 38. This transition area is where the thin aerofoil increases in height in order to 
“connect’ to the root section. 
 
 
 
 
 
 
 
 
 
Figure 38. CAD-model (or FE-model) shows a large geometric change in profile height in the 
transition area (6-8m). 
Cap deformations were measured in different positions during the first two full-scale 
tests using mechanical displacement sensors. Figure 39 shows results from the first 
full-scale test are shown.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 39.  Measured cap deflections in seven sections from full-scale test 1. 
Figure 39 shows outward cap deflection at the 6.8m section (black curve), which is 
different from the other six sections, which do not have this large geometry change, 
shown in Figure 38. From 8.5m to 19.9m the caps have inward non-linear deformation 
due to ovalisation caused by the Brazier effect. Of course, the Brazier effect is also 
represented in section 6.8m since there is longitudinal curvature, but the linear 
outward behaviour, caused by jump in section hight, is dominating. In the box girder 
area (8.5m-19.9m) there is also a linear contribution to the local bending deflection, 
but it cannot be seen easily in the cap deformation, in Figure 39. ‘Back to back’ strain 
measurements must be studied in order to observe this behaviour. An example from 
the first full-scale test is presented in Figure 40. In this test no buckling was observed, 
so all the local bending is caused by one of the reasons shown in Figure 37. 
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Figure 40. ‘Back to back’ strain measurements in 10.3m section from the first full-scale test. The 
red curve is without correction for global bending, while the blue curve includes this 
correction. 
The increasing difference between the blue and the black curves indicate that caps 
bend locally. However, before a final conclusion can be drawn, a correction of the 
contribution from the global bending needs to be made. The overall bending of the 
box girder results in compression and tension in the two caps, when the blade is 
loaded in flapwise direction. The distance from the neutral axis determines how large 
the strain values are, see Figure 41. 
 
The strain gauge positioned inside the box girder (blue curve in figure 40), has a lower 
value than the strain gauge on the outer surface (black curve). This is caused by the 
difference in distance to the neutral axis. This is illustrated in Figure 41. The 
contribution from the global bending must be removed, so that the outer and inner 
strain values can be compared without influence of the global bending. This 
‘correction’ is made by taking the blue curve results and multiplying them with a 
factor to compensate for the different distances to the neutral axis. The factor for the 
10m section is approximately 0.93 (435mm/470mm) and is plotted with a red colour 
in Figure 40. The difference between the red and the black line results is caused by cap 
panel local bending. 
 
 
 
 
 
 
 
 
 
 
 
Figure 41. Sketch shows the different distances to neutral axis in 10m section. The distance from 
the neutral axis to the outer surface is 470mm and the distance to the inner surface.  
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For other sections the correction is larger, see e.g. the 17m section, where the factor is 
0.84 due to lower profile height and thicker laminate in this section is 435mm.  
 
 
Figure 42. ‘Back to back’ strain gauge measurements in 17m section. The red curve is measured 
strain on outer surface without correction for global bending, and the blue curve shows 
where the global bending contribution is omitted. 
In Figure 42, the ‘back to back’ results are plotted (black and blue curves), but also an 
extra curve (red curve) is added to show the strain on outer surface with the global 
bending. 
 
From Figure 42 it can be concluded that this section also bends locally. It is expected 
that this happens due to changes in the tapering of the box girder, which is also a 
geometric effect similar to a ‘geometry jump’ shown in Figure 37a. This needs to be 
studied in detail before a final conclusion can be drawn. This phenomena has been 
addressed in this PhD-project, and a FE- and theoretical study has been started 
together with Dr Paul Weaver and Dr Luca Chechinni from the University of Bristol, 
but the work is not finished at the time of writing. One thing which will be studied in 
the future is the influence of changes in tapering on the buckling capacity. If the effect 
has a significant influence on the buckling strength, the obvious improvement would 
be to design the geometry with a smoother tapering, in order to minimize local 
bending. For the SSP34m blade it is obvious that the transition zone should be 
extended to a larger area so this sudden change in profile height is avoided, but other 
areas might also be optimized to avoid localised bending behaviour.  
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6  Failure mechanism in a blade box design 
Four important failure mechanisms have been either observed during the full-scale 
tests or in the numerical FE-Study. These mechanisms are: 
 
Section 6.1: Skin peeling – Debonding of the aerofoil from the box girder 
Section 6.2: Interlaminar shear failure in the cap caused by Brazier loads 
Section 6.3: Web failure  
Section 6.4: Transverse shear distortion of the cross section 
6.1  Skin peeling – Debonding of the aerofoil from the box girder 
The SSP 34m blade analyzed in this PhD-work has a load-carrying box girder attached 
to the outer skin (aerofoil), see Figure 43. The connection between the outer skin and 
the box girder is an adhesive joint of approximately 5mm in thickness. This adhesive 
joint is sensitive to peeling stresses, which was observed in the first full-scale test, see 
Figure 43a. 
 
 
Fig. 43a  Fig. 43b 
Figure 43. Skin peeling from cap observed in the first full-scale test a) Photo of skin peeled of the 
box girder b) Sketch of measure equipment and reference frame to cap deflection 
measurement equipment. 
A study of measured cap deflections showed that the skin peeling starts at 92% load, 
see Figure 44. The jump in measured deformation has not occurred due to sudden 
chordwise bending of the cap. Instead, it was caused by the skin debonding from the 
cap, during which it assumes more of the initial curvature. The reference frame for 
measuring cap deflection is attached to the outer skin rather than directly to the box 
girder corner illustrated in Figure 43b. In Figure 44 another skin peeling jump can be 
observed at 97% load.  
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Figure 44. Measured skin peeling from the first full-scale test. The dotted lines show “corrected’ 
cap values. 
The actual maximum cap deformation of 4.3mm was obtained by extrapolation, see 
dashed line in Figure 44. This value would be observed if measurements were taken 
directly on the box girder or if the debonding had not occurred. Failure of the wind 
turbine blade can also be observed in Figure 44 at 100% load, just before failure. This 
behaviour is caused by the shear webs’ failure, see explanation in Section 6.3. 
6.2  Interlaminar shear failure in the cap caused by Brazier loads 
Interlaminar shear failure is a mechanism that occurs between the layers in the load-
carrying cap laminate, see Figure 45. The failure is caused by interlaminar shear 
stresses. The interlaminar shear failure can be developed by the crushing pressure 
causing biaxial stress distributions, interlaminar and peeling stresses due to the curved 
structure being flattened out, see Figure 45a. Brazier forces, explained in Section 5.1, 
cause the out-of-plane deformation of the cap. The cap deflections are increased by the 
lay-up, since the fibres are mainly placed in the longitudinal direction of the blade. 
The lack of fibres in the transverse direction causes the cap to be relatively flexible in 
the lateral direction, see Figure 45a. 
 
 
 
  
.                 Fig. 45b 
 
  
 
Fig. 45a 
 Fig.  45c 
Figure 45.  Interlaminar shear failure of the load-carrying cap. a) Sketch of cap deformation and 
failure between layers b) Photo of a cap with delamination c) Photo of a cap with a 
manufacturing defect. 
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Layered composite materials do not have large resistance against peeling (mode I) and 
interlaminar stresses (mode II), which may lead to failure, see Figure 45b. 
Furthermore, it is common that manufacturing defects inside the laminate further 
reduces the limit for the peeling stresses, see Figure 45c. To further investigate the 
interlaminar failure observed in the tests of cap specimens from an SSP 34m blade 
were cut out and tested in 3 and 4-point bending tests. These tests were performed at 
Imperial College – Department of Mechanical Engineering by PhD-student Amit Puri 
and Dr John Dear, see Figure 46 and ref. [70], [72].  
 
  Fig.  46a      Fig.  46b 
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Fig. 46c 
Figure 46.  3 and 4-point bending tests of two cap specimens. The bending  tests were  performed at 
Imperial College – Department of Mechanical Engineering, see ref. [70], [72]. 
Subfigures a) and b) The overlaid contour plots shows the strains along axis of the test 
specimen (referring to the transverse strains in the box girder) caused by the bending 
loads c) The bending tests lead to initial interlaminar failure after 8mm and 4mm 
deflections in the 3 and 4-point bending tests. Figures from ref. [70]. 
 
Caps show initial 
interlaminar failure 
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The two bending tests (3- and 4 point) showed that deflections at 4mm and 8mm, 
devolop interlaminar crack growth (change in stiffness), respectively, see Figure 46c. 
 
From the first full-scale test the cap deflections were in the range of 1-6mm,   
so lateral bending stiffness may be too small to avoid interlaminar failure,   
see Figure 47. 
 
 
Figure 47.  Cap deflections of the centreline in different sections in the first full-scale test. 
6.3 Web  failure 
Web failures have been observed as the main reason for collapse in the first two full-
scale tests, see Figure 48. Later in this section, explanation and results from the first 
two full-scale tests are presented. The third ‘blade’ (box girder no. 2), also seems to 
fail in the shear webs. Results and conclusions from this test (test 5) are presented in 
Section 7.1. 
      
     Fig.  48a      Fig.  48b 
Figure 48. Sketch of two different web failure modes observed in the first two full-scale tests.  
a) Shear webs collapse at the first full-scale test which had no additional reinforcement 
where the two half parts were connected b) Skin debonding failure   
of the sandwich shear webs which was observed in the second full-scale test with   
reinforced webs.   
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In Figure 48a, the collapse of the original SSP-blade design and in Figure 48b, the 
web failure with reinforced shear webs are shown. The original SSP 34m blade, which 
had no additional reinforcement, had no problems to pass the required certification 
loads, see ref. [88]. The reinforcement was performed in this PhD-project, in order to 
understand other types of failure modes in wind turbine blades. Obviously, this is 
individual for each blade manufacturer and strongly depends on the blade design. The 
web failure mechanism and results from the first two full-scale tests are presented 
further. 
Web failure - Results from the first full-scale test 
In Figure 49a, the measured web deflections are shown. It is clearly visible here that 
the web towards the trailing edge collapsed just before ultimate failure, since a 
dramatic change in web deformation is observed. The FE-model predicted the same 
failure, see Figure 49b.  
 
Figure 49. Collapse of the shear web in the first full-scale test a) Measured web deflections   
at 10.3m b) A non-linear FE-prestudy indicated that the shear web connection between 
the two half parts would be a weak point c) Photo of the shear towards trailing edge 
after the blade was failed also indicated that the shear web had caused ultimate failure of 
the blade. 
         10 m section 
 
Fig. 49a 
Fig. 49c  Fig. 49b 
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The photo of the shear web, given in Figure 49c, is taken after the blade collapses, and 
shows the identified shear web failure. However, it could also be a failure occurring 
after other failures had happened, so study of failure modes must include measurement 
during the test like the shown in Figure 49a and explained earlier.  
Web failure - Results from the second full-scale test 
Figure 50a presents a frozen frame picture of the first, and critical, failure mode of the 
box girder full-scale test. In white circel(light green colour) initial face debonding of 
the outer skin on the shear web’s sandwich section are shown, leading to ultimate 
collapse of the box girder. 
 
 
 
 
 
 
 
 
 
 
 
Figure 50. Skin debonding of the sandwich web towards leading edge in the second full-scale test 
a) Still picture which shows that the outer skin debond from the sandwich core b) Strain 
gauge locations at the 10m span position. The sketch is rotated by 90º with respect to the 
photo. 
During the full-scale test strain has been measured in different locations; figure 50b 
shows measurement locations in 10m. The ‘back to back’ strain measurements are 
presented in Figure 51.  
 
 
 
 
 
 
 
 
 
 
 
Figure 51. Strain gauge measurements (back to back) in the second full-scale test a) Upper web part 
(compression) b) Lower web part (tension).  
The 0
0 (longitudinal) strains  in the box girder caused by global bending, leads to 
associated strains in the 90
0 direction due to the Poisson’s ratio effect; positive in the 
shear webs of the upper (longitudinal compressive) half part of the box girder and 
negative in the lower (longitudinal tensile) as shown in Figure 51. Normally, the 
0
100
200
300
400
500
600
700
800
900
0% 20% 40% 60% 80% 100%
M
i c r o
s t r a i n
% of ultimate load of the blade including skin
90 deg Strain Gauges on shear web towards leading edge 
Exp.-Outer surface
Exp.-Inner surface
Skin debonding from  
the sandwich core  
in the shear web  
-1600
-1400
-1200
-1000
-800
-600
-400
-200
0
0% 20% 40% 60% 80% 100%
M
i c r o
s t r a i n
% of ultimate load of the blade including skin
90 deg Strain Gauges on shear web towards leading edge 
Experimental-Outer surface
Experimental-Inner surface
Fig. 50a  Fig. 50b 
Fig. 51a 
Fig. 51b  
Risø-PhD-34(EN)     43 
transverse deformation is small in axially loaded 0º laminates, but for ±45º laminates 
the Poisson’s ratio is large, typically for the materials in question [12.]. In the FE-
model of the box girder described in following section the ±45º laminates are 
modelled as 0º laminates with an axial Poisson’s ratio of 0.6. The theoretical Poisson’s 
strain in the 90
o direction ( Poisson ε ) is given by: 
axial Poisson ε ν ε ⋅ =      ( 3 )  
where ν is the axial Poisson’s ratio, and  axial ε  is the 0
0 strain in the longitudinal 
direction related to global bending. 
 
The combination of compressive strains due to the Brazier crushing forces and the 
axial tension, results in higher absolute circumferential strains on the tensile side of 
the blade than on the compressive side. The drop in the strain-load curves at 70-80% 
load in the full-scale test in the upper (longitudinal compressive) side of the web is 
caused by buckling of the cap. Figure 52 shows the location of the observed buckling 
deformations.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 52.  Position of the cap buckling pattern.  
Once buckling of the box girder initiates, the inward buckling wave and the associated 
reaction in the shear webs at the 10m section introduces compressive strains at the 
compressive side of the shear web, subseqquently producing the sudden drop in strains 
demonstrated in Figure 51a at 70% load.  
Results from FE-model 
Figure 53 shows 90
0 strains at two locations in the compressive and tensile side of the 
web placed symmetrically around the neutral axis of the girder at 10m from the root. 
The two locations are identical to the locations where strain gauges were placed in the 
test. Both linear and non-linear strains are found in the upper part and lower part, see 
Figure 53.  
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  Fig.  53a      Fig.  53b 
Figure 53. Linear and non-linear FE-results  a) Upper web part b) Lower web part.   
The difference between the linear and the non-linear FE-results is, at least in part, 
caused by the Brazier effect. The crushing pressure, attempting to flatten the cross-
section, introduces compressive strains into the shear webs. However, this crushing 
pressure varies with the square of the applied load resulting in the noted deviation 
from linear responses. Other non-linear phenomena, such as changes in geometry and 
loading configuration (which follows the geometry in the non-linear analysis), will 
also contribute to the observed nonlinearities.  
 
Buckling produces the sudden drop in strains at 80% load, similar to the test. In Figure 
54 part of the model is shown and the buckling is visualized by plotting the transverse 
(x-direction) strains. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 54. Section of finite element model from 9.5m to 13.2m from the root. Strain in global x-
axis (transverse) is presented. 
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6.4  Transverse shear distortion of the cross section 
Transverse shear distortion of a wind turbine blade cross-section is an 
important failure mechanism, see Figure 55.  
 
Figure 55. A sketch of a distorted wind turbine profile 
In the literature considering wind turbines no invetigations have been found relating to 
this failure mechanism. In other industries, such as aeronautic (wings to aeroplanes 
and blades for helicopters) and bridges, it is a well-known mechanism which must be 
taken into account in the design process, see e.g. ref. [22], [62], [63], [87]. In the 
literature, a twisted rectangular section is often presented, see Figure 56. 
 
 
Figure 56. A sketch from ref. [87] shows the two distributions (torsion and distortion) when a box 
girder is twisted. 
For some reason nobody, to the Authors knowledge, in the wind energy area has paid 
much attention to this failure mechanism. However, it is obvious that a thin walled 
structure without any internal reinforcement will try to distort the profile in the 
transverse direction. This is even more prominent when the blade is non-symmetric, 
both in geometry and in lay-up, since the blade will try to twist. Furthermore, the lay-
up is highly orthotropic with the majority of fibres in the longitudinal directions, so 
the circumferential stiffness is small.  
 
The combined flap- and edgewise load direction, which is a more realistic load case as 
mentioned in Section 1.3, may also be partly the reason why this failure mechanism  
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has not had much attention before. Larger blades are expected to be more critical for 
this failure mode since it is almost impossible to increase the corner stiffness in order 
to account for the increase in transverse shear forces.  
 
Furthermore, if future wind turbine blades are lighter due to optimization, the 
longitudinal curvature will increase, which will raise the crushing pressure and this 
could be critical for a distorted blade section, see Figure 57. 
 
Figure 57.  Crushing pressure from the longitudinal bending (Brazier loads) at a distorted profile. 
In Figure 57, the blade section is distorted and collapse of the entire blade is critical, 
due to the crushing pressure from the Brazier loads. 
 
A FE-prestudy of the box girder showed that transverse shear distortion was likely, so 
the box girders were supported in transverse direction in test 2-5 as explained in 
Section 2.3. Of course, a box girder does not have the representative transverse shear 
distortion stiffness of a full wind turbine blade section. FE-studies and experimental 
investigations need to be performed for the actual blade before it can be concluded 
whether this failure mechanism is critical or not. FE-studies of a SSP 34m blade have 
indicated that it is critical, especially in combined loading conditions, see Figure 58.  
 
 
Figure 58. FE-plots of a distorted section in two different load cases with combined flap- and 
edgewise loads a) Combined flap- and edgewise loads towards leading edge   
b) Combined flap- and edgewise loads towards trailing edge. Both figures are shown 
with an non-deformed and deformed shape. The deformation is shown without the 
global deflections to illustrate the distortion of the profile more clearly.    
The distorted cross sections in Figure 58 are loaded in a combined flap- and edgewise 
direction, one where the gravity is towards the trailing edge (a) and one where it is 
towards the leading edge (b), explained in section 4.2. Reinforcement has been 
introduced to solve the distortion problem, is presented in section 7.5.  
 
Fig. 58a  Fig. 58b 
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7 Design  reinforcements 
As part of the PhD-work, six independent reinforcements have been suggested. The 
rib reinforcement introduced in section 7.1 is not new and no patent application has 
been made. For the five remaining reinforcements four patent applications (one 
application includes two reinforcements) have been submitted at the end of 2006 or 
the beginning of 2007.  
 
In this chapter only the basic principals are described. More figures and other 
configurations can be found in the patent applications, see appendix B. The focus will 
be put on results obtained in the different Proof of Concept phases.  
 
The six reinforcements are presented in the following sub sections: 
Section 7.1: Rib/Bulkhead reinforcement 
Section 7.2: Invention “Cap reinforcement” (patent A) 
Section 7.3: Invention “Web coupling reinforcement” (patent B) 
Section 7.4: Invention “Floor reinforcement” (patent B) 
Section 7.5: Invention “Shear cross reinforcement” (patent C) 
Section 7.6: Invention “U-box girder design” (patent D) 
7.1 Rib/Bulkhead  reinforcement 
Inspired by the aeronautical industry (e.g. ref. [21], [64]), transverse ribs in wings are 
presented, see Figure 59a. 
 
 
 
 
 
 
 
 
 
 
  Fig.  59a       Fig.  59b 
Figure 59. Rib reinforcement a) Ribs used in aircraft today [21] b) Rib reinforcement in a wind 
turbine blade. 
In the aeronautic industry where ribs are very common the manufacturing processes 
are different which is part of the reason why ribs are not used in the wind turbine 
industry today, see Section 1.2. Another explanation is that the focus has not been on 
structural strength to the same extend as for the aeronautical industry. The main reason 
to insert ribs is to prevent ovalisation, see ref. [62], [63], [64].  
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Ribs do also have a positive effect relating to the flattening problem of the cap, see 
Section 6.2. The transverse shear distortion, explained in Section 6.4, is also expected 
to be solved in regions where ribs are inserted. Insertion of ribs does not prevent 
buckling effectively, since the buckling waves can buckle between the ribs. FE-studies 
performed before the test showed that ribs spaced with 1m increase the buckling 
capacity with approximate 10-20%. Thus, if a large increase in loads is to be applied 
or the cap thickness is to be reduced, other solutions must be found to avoid buckling. 
 
In the following section ‘proof of concept’ results from full-scale test 5 (with ribs), are 
presented. 
Proof of Concept for rib reinforcement 
Ribs were inserted after test 4 was performed, but only in region (0-17m) where it was 
possible to enter the section. Luckily it was possible to insert ribs in the region where 
the ‘blade+box girder’ had failed earlier, see Figure 60.  
 
Fig.  60a      Fig.  60b 
Figure 60. Full-scale test with ribs a) Photo of a rib/bulkhead inserted at 10.2m b) Ultimate collapse 
of the box girder with transverse ribs. The failure happened at 11.5m between two ribs. 
The box girder with ribs, failed at 104% load, which is an increase in the ultimate load 
by 30% compared with the first box girder test (test 2) without ribs. The increase in 
ultimate load is dramatic taking into consideration that only few ribs were inserted and 
no other reinforcements were performed. Detailed studies of what was the first 
dominating failure mechanism have not been performed, since the major purpose was 
to see the effect on the ultimate load and not so much to study failure mechanism with 
ribs inserted. It is likely that the failure was either buckling or shear failure in the shear 
web. If the shear webs and the buckling strength have been improved then the ultimate 
load is expected to be considerably higher, since the general strain level is very low 
compared with maximum ‘allowable’ strain level, see explanation in Section 1.4. The 
failure could also be caused by damage found on the shear web during the first trial 
test, see Figure 61a.  
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Fig.  61a      Fig.  61b 
Figure 61.  Damage was found on the shear web in a critical area a) Photo of the damage on the 
shear web in 11.1m b) The damage was reinforced by a prefabricated composite plate 
glued to the shear web. 
The damage happened during the instrumentation of measurement equipment when a 
hole in the outer skin on the sandwich shear web was made. The position of the 
damage was unfortunate since the blade was expected to be critical in that area and a 
reinforcement was made, see Figure 61b. Even though the blade was reinforced, it 
failed where the reinforcement was placed, see Figure 62. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 62.  The box girder failed in the region where the damage was found.  
From the photo in Figure 62 it looks like the failure happened in the area where the 
reinforcement ended, which is a typical situation when reinforcement is implemented. 
This could be localized bending caused by an ‘asymmetric’ layup as shown in Figure 
38c. 
 
Prefabricated composite 
plate used as reinforcement  
Damage  
Box failed in 11.5m where 
the reinforcement ended 
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7.2  Invention: ‘Cap reinforcement’ (Patent A) 
The first invention presented is a reinforcement of the cap, which prevents a curved 
(aerodynamic shape) cap from flattening out, see Figure 63.  
 
 
 
 
 
 
 
 
 
Figure 63.  Sketch of the cap reinforcement which prevents the curved cap from flattening out due 
to the corners being restrained from sideward deformations 
The restriction of the out of plane deformation of the cap is due to the corners being 
restrained from sideward deformations, thus increasing the flexural stiffness of the 
cap. The reinforcement is expected to be thin in comparison to the cap thickness, since 
the reinforcement should carry only tension. Increased flexural stiffness of the cap 
prevents three elastic phenomena from happening to the same extend as without 
reinforcement. These responses, described in Chapter 5, are ovalisation (flattening of 
the cap), buckling and localized bending.  
 
The cap reinforcement can be made of any material, such as wires, fibres, dry fibre 
mats etc. an the reinforcement needs only to carry tension. In Figure 64a, a dry fibre 
mat is presented and a pultruded profile is shown in Figure 64b. Pultruded profiles, 
which have not yet been seen in wind turbine blade design, may be an interesting 
alternative.  
 
Fig. 64a   Fig. 64b  Fig. 64c 
Figure 64. Different embodiments of the cap reinforcement a) Dry fibre mat   
b) Pultruded profile c) Wire or pin solution 
Also wires or pins can be used, as showed in Figure 64c. A special wire solution, 
shown in Figure 65, was used in the full-scale test, since it was the simplest solution to 
implement in an existing box girder. Of course this solution could never be used in 
practice, but in a ‘proof of concept’ test it is satisfactory, see the following ‘proof of 
concept’ section. 
Cap reinforcement  
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Figure 65. Sketch of the wire reinforcement solution used in the full-scale test. The sketch is   
rotated 90º , so it is comparable to the full-scale test presented in the next section.  
Proof of Concept for invention/patent A 
A proof of concept test was performed for the cap reinforcement. The work includes 
numerical and experimental work, but here only the experimental results are 
presented. As described in Chapter 2, two full-scale tests were performed for box 
girder 2 in order to validate the cap reinforcements. Test 3 was conducted without 
wires and test 4 was with wires, see Figure 66.  
 
Figure 66. Full-scale test of a box girder with wire reinforcement (test 4) as part of a ‘proof of 
concept’ for the cap reinforcement invention. 
Based on a FE-study two areas were found critical to buckling and cap reinforcement 
(wires) was placed in these two regions. One critical region was the 5m section, where 
three wires were placed to prevent buckling, see Figure 67. 
Wire 
reinforcement  
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 Fig.  67a   Fig. 67b 
Figure 67. Wire reinforcement in 5m region a) Photo outside the box girder which shows the wires 
in 5m b) Photo inside the box girder.  
In Figure 68 wires in 10-12m section are presented and the big difference in the 
transverse curvatures of these two regions (5m and 10-12m) can also be observed, see 
Figure 67b and Figure 68b. 
 
 
 
 
 
 
 
 
 Fig.  68a   Fig. 68b 
Figure 68. Wire reinforcement in 8.5-12m region (only 10-12m shown a) Photo outside the box 
girder which shows the wires in 10-12m b) Photo inside the box girder.  
FE-studies which were performed before the full-scale test showed that the 
reinforcement should have an effect also in  regions with small transverse curvatures. 
The same results were observed in the full-scale test using the DIC system, see Figure 
69a. The graphs in Figure 69a are a comparison between the two full-scale tests (test 
3+4) where the effect of the wires are demonstrated. In Figure 69a, the deformed 
centrelines from the two tests of the cap along the blade are plotted. The blue line is 
from test 4 (with wires) and the red from test 3 (without wires). 
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     Fig. 69a 
 
 
 
 
 
 
 
 
 
 
 
       Fig. 69b              Fig. 69c 
Figure 69.   Cap deformations measured using Aramis DIC system. a) Two curves show the cap 
deformations of the centreline. Red line is from test 3 (without wires) and blue line is 
from test 4 (with wires)   b) and c) Photos with an overlaid contour plot from the DIC 
system. The photos are mirrored so they fit the graph above in the length direction. 
Details can be found in ref. [37]. 
In the two regions where wires were placed, the out of plane deformation of the cap is 
reduced by 10-30%. In the region 6.5-8.5m, there were no wires and no significant 
differences are observed comparing the two tests. In the region 5.2-6.5m there is a 
difference even though there are no wires. This is due to the wires in 5-5.2m region 
which affects this, due to the large reinforcement effect caused by the large transverse 
cap curvature. As expected it is mainly the buckling waves which bend inwards that 
have been reduced. For example sections 10m and 11.5m have reduced their 
deformations with around 30%, while sections 10.8m and 11.8m only have reductions 
around 10%, see Figure 69a.  
 
Not only have the out of plane deformations changed due to the cap reinforcement,  
the measured strain has also been reduced. In Figure 70, the measured strains in the 
transverse direction are plotted, for section 10.8m and 11.5m. 
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Fig. 70a 
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Fig. 70b 
Figure 70. Transverse strain measurements with and without cap reinforcement. Measurements for 
section 10.8m and 11.5m are showed. 
In Figure 70a, a difference in the linear strain response is observed, while in Figure 
70b a non-linear behaviour in the specimen without wires can be observed after 70% 
loading. The non-linearity is caused by buckling of the cap, which can also be seen in 
the measured out of plane measurement from Figure 69a. The test with cap 
reinforcements (test 4) did not show any tendency to buckling even though the box 
girder was loaded up to 95%. If these observations can be generalized then it can be 
concluded that the buckling capacity has been increased with at least 35% and maybe 
more if the box girder had been loaded further. However the Author could not take the 
risk that the blade would fail since the final destructive test should be made with rib 
reinforcements, namely test 5 presented earlier. 
7.3  Invention ‘Web coupling reinforcement’ (Patent B) 
The ovalisation has been observed in both non-liner FE-calculations and in the full-
scale tests, see Figure 71b. In particular, the web failure in the first full-scale may have 
been avoided if the two shear webs were coupled to each other, see Figure 71a. 
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  Fig.  71a       Fig.  71b 
Figure 71.  Web coupling reinforcement a) Cross sectional tests proofed that coupling the two shear 
webs results in higher crushing loads b) Non-linear FE-studies showed that ovalisation 
would be dominating in the first full-scale test, since no additional reinforcement was 
implemented in the connection between the two box girder half parts. 
To verify the web coupling reinforcement, cross sections of the blade were 
experimentally tested, see Figure 71a. A crushing load was applied to the structure to 
induce cross-sectional flattening. This force mimics the Brazier crushing forces. Two 
sections were tested and the test without web coupling reinforcement failed at a load 
similar to the crushing pressure which the first full-scale test has failed, see ref. [43]. 
The test specimen with a web coupling reinforcement, see Figure 71a, failed at load 
approximately two times higher than for the test without a web coupling 
reinforcement. Plans for the ‘proof of concept’ in a full-scale test are described at the 
end of the next section. 
7.4  Invention: ‘Floor reinforcement’ (Patent B) 
Patent B contains another invention which solves problem types other than the 
ovalisation problem. The floor invention is a flat ‘horizontal’ panel which connects 
different points in wind turbine blades, see Figure 72. The web coupling and the floor 
inventions are put in the same patent application, since there is an overlap in the area 
between the shear webs. The mechanisms and the problems the reinforcements solve 
are different, however, and they are therefore placed in separate chapters of this thesis.  
 
In Figure 72 two configurations of the floor are shown, but in the patent application, 
several other embodiments are shown, see appendix B. 
Web coupling 
reinforcement 
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   Fig  72a      Fig.  72b 
Figure 72.   Floor reinforcement a) 3D-sketch of a floor inserted in the trailing edge region b) 2D-
sketch of a blade section with a floor from leading edge to trailing edge. The webs are 
divided into two parts. The two half part solution is invented by SSP-Technology, see 
ref. [83], which connect the two half parts are connected with adhesivejoints in the 
same region as illustrated on the drawing.  
Transfer loads to the root section 
One of the main reasons for inserting a floor root section (e.g 2m-15m) is to transfer 
shear loads from the trailing edge to the main structure in the root section and/or the 
shear webs when the blade is loaded in the edgewise direction, see Figure 73. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 73.  Floor reinforcement in the ‘root’ section. 3m section shown, but the floor should at least 
have an extension to 6m where the span of the chord is biggest. For larger blades the 
floor should have a still larger extent. 
Fatigue problem in the trailing edge connection 
Another purpose of inserting floors is to minimize deformation of the aerofoil. This is 
needed for several reasons e.g. trailing edge fatigue problems and aerodynamic 
efficiency. The aerodynamic efficiency will not be discussed here, only the fatigue 
problem will be addressed in this thesis, and a brief explanation can be found in the 
patent application, see appendix B. Today forces are carried by the double curved 
airfoils, which leads to out of plane deformation, see  Figure 74a. Out of plane 
deformations cause peeling stresses in the trailing edge, and failures in the trailing 
edge are often seen, see Figure 74b.  
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 Fig.  74a  Fig.  74b 
Figure 74.  Trailing edge failure a) Sketch of the trailing edge shells with ‘out of plane’ 
deformations b) Fatigue failure in the trailing edge.  
When a plane floor is inserted, the trailing edge shells keep their original shapes and 
redistribution of the forces is avoided, see force distributions in Figure 75a and b. This 
is due to the fact that buckling of the trailing edge shells has been prevented, see 
Figure 75c.  
 
  Fig.  75a      Fig.  75b 
 
 
 
 
 
 
 
 
Fig. 75c 
  
Figure 75. Buckling of the trailing edge shell. a) Sketch without floor where the trailing edge panel 
has out of plane deformations, which lead to redistribution of the forces b) Sketch with 
floor minimizing ‘out of plane’ deformations of the trailing edge shells and no 
redistribution of the forces is illustrated c) FE-model without floor shows out of plane 
deformation of the trailing edge shells. 
The floor panel also help preventing overall buckling of the trailing edge, see Figure 
76.     
Undeformed 
Deformed  
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Figure 76. Buckling of the trailing edge. 
The floor reinforcement also prevent ‘out of plane’ deformation of the shear webs and 
ovalisation is also minimized, see Figure 77.     
 
  Fig.  77a      Fig.  77b 
Figure 77. Out of plane deformations of the shear webs a) Sketch of shear webs which are buckled 
or deformed due to the Brazier forces (ovalisation) b) Sketch with floors inserted 
prevent buckling of the shear webs and ovalisation. 
Another ‘unexpected’ positive influence of the floors seems to be a positive effect on 
the transverse shear distribution, see Figure 78. 
 
 
 
 
Fig. 78a 
Fig. 78b 
 
 Fig.  78c 
Figure 78. Blade with a  transverse shear distorted profile a) Distorted blade profile without floor b) 
‘Full’ floor from leading to trailing edge reduce transverse shear distortion, significantly 
c) Floor in the trailing edge region, only, also reduce the transverse shear distortion. 
Another and more efficient solution to the transverse distortion problem is presented  
in Section 7.5.  
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7.5  Invention: ‘Shear cross reinforcement’ (Patent C)  
In Figure 79 a cross-reinforcement in the box girder or between two shear webs are 
shown. The cross prevents from transverse shear distortion. The transverse shear 
distortion failure mode has been explained in Section 5.4.  
 
 
 
 
 
 
 
 
 
 Fig.  79a  Fig.  79b 
Figure 79. Cross to avoid transverse shear distortion collapse   a) Wire or pin solution b) Dry 
fibremat solution. 
In Figure 79a, a wire (or pin) solution is shown and the wires (or pin) should be 
positioned each 2-5 metres, depending on the design, loads etc. Alternatively, a dry 
fibre mat solution could be used, see Figure 79b. From a structural point of view, there 
are no reasons to impregnate the fibre mats since only tension loads have to be carried. 
The dry fibre mat solution will have different embodiments, see Figure 80. Two fibre 
mat solutions are shown and the best choice depends on the manufacturing techniques.  
 
 
 
 
 
 
 
 
 
  Fig.  80a      Fig.  80b 
Figure 80. 3D sketches of two dry fibre mat solutions a) Full shear cross b) The shear reinforcement 
alternates in the length direction. 
In Figure 81, a FE-study of the SSP-blade has been performed with combined flap- 
and edgewise loading, as described in section 4.2.  
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  Fig.  81a      Fig.  81b 
Figure 81.  FE-calculations show transverse shear distortion with combined loading as described in 
section 4.2. 4m section shown with deformed and non-deformed shape a) Without 
cross reinforcement b) With cross reinforcement. 
7.6  Invention: ‘U-design’ (Patent D) 
This invention differs significantly from the other 4, since it is mainly a production 
friendly design rather than a design preventing a structural failure mechanism. 
However, the production friendly design also takes the structural aspects into 
consideration. The main idea with the invention is to create favourable manufacturing 
conditions for the upper cap part, which often are the critical part, since it is in 
compression. This has been ‘solved’ by having an upper part (cap cover) without 
taking the shear webs into consideration. The shear webs are integrated in the lower 
cap as a U-design, see Figure 82. 
 
 
  Fig.  82a      Fig.  82b 
Figure 82. Sketch of a wind turbine section with U-design concept   a) Cap cover design with  
a tophat integrated in the load carrying cap which is in compression (upper part)   
b) Cap cover design with I-stiffeners integrated in the cap cover part. 
The production friendly design of the cap enables the manufacturer to ingrate 
stiffeners and to produce the cap with a high quality. The stiffeners could be a tophat 
design (Figure 82a) or I-stiffeners (Figure 82b). Especially the I-stiffeners would be 
impossible in traditional (aero) manufacturing, since the parts are too big to be put into 
an autoclave, which is needed to ensure that the stiffeners have satisfactory connection 
to the load carrying cap. Today autoclaves exist which are 40m long. However, the 
height and the width of such autoclaves are too small to have other than a cap part 
inside the autoclave. The large autoclaves are nowadays used to manufacture masts for 
sail boats. However, even though the blade manufacturers would consider making 
their own autoclaves, the price will increase considerably. Even if the compression 
camper is kept to a minimum it will be very costly to integrate this manufacturing 
technique  into wind turbine blade industry. There has not been any real cost  
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estimation of this, but it is likely that the extra cost will be saved elsewhere in the 
blade structure, which could still be manufactured with traditional manufacturing 
techniques used in the wind turbine industry.  
 
The U-design solution also has other important advantage e.g. the shells in the leading 
edge can be manufactured in one part (see Figure 83a) and for the inner third of the 
blade the trailing edge shells can also be manufactured in one part, see Figure 83b.   
 
 
 
 
 
 
 
 
 
 
 
   Fig.  83a      Fig.  83b 
Figure 83. Adhesive joints connecting the upper and lower shells are moved to the box girder 
section where the stress state distribution is more favourable a) Aerofoil section of the 
outer 2/3 of the blade where ‘only’ the adhesive joint in the leading edge part has been 
moved b) Aerofoil section of the inner third of the blade where both the adhesive joints 
in the leading edge and trailing edge part have been moved to the box girder section. 
The main reason to move the adhesive joints, as shown in Figure 83, is that the stress 
state distribution is less critical in the box section area since the peeling stresses are 
considerably lower here. Furthermore, the fatigue stress levels are also lower here than 
in the leading and trailing edge regions due to the edgewise loading distribution.  
 
The last advantage with the U-design profile, which will be mentioned here, is two 
alternative manufacturing techniques to manufacture the cap part this desing opens up 
for. In Figure 84 a cap cover part is shown with the cap reinforcement (see Section 
7.2) integrated in the manufacturing process. This could be done either as a winding 
process, see Figure 84a, or a pultruded manufacturing process, see profile in Figure 
84b.  
 
 
 
 
 
  Fig.  84a       Fig.  84b 
Figure 84. Cap cover part with cap reinforcement integrated in the manufacturing process   
a) Winding manufacturing process integrated in the cap cover part   b)  Pultruded 
manufacturing process integrated in the cap cover part. 
Winding fibres 
around a pultruded 
cap profile  
www.risoe.dtu.dk  
Winding manufacturing technique is today used by some manufacturers, e.g. Vestas 
who uses the technique to connect the load carrying box girder to the root section, but 
no one has used it in the cap cover part, as shown in Figure 84a. The winded fibres 
will be in tension when the cap tries to flatten out (ovalisation explained in Section 
5.1) or if it tries to buckle downwards either due to buckling or localised bending, 
explained in Section 5.2 and 5.3, respectively. The pultruded cap profile, shown in 
Figure 84b, is also based on a manufacturing technique which is new to the wind 
turbine blade industry. Mainly because the profile does not have a constant geometry 
due to twisting and changing aerodynamic profile in the length direction. An extruded 
cap-profile (and maybe also the U-profile) with the major part of the fibres in the 
longitudinal direction is expected to be flexible enough to twist the cap profile, so it 
follows the correct twisting in the blade. The changing in the aerodynamic shape is 
more difficult to change, but the geometric changes are very small, so it may be 
necessary to accept that there are no geometric changes in the aerofoil in the cap area 
part of the blade. Alternatively, the pultruded cap profile can be manufactured without 
cap reinforcement (which decreases the flexural stiffness considerably), and then the 
winding process can be integrated afterwards. Further work has to been done to find 
the optimal solution, and on this basis find out whether it is an economically attractive 
solution.  
    
7.7  Future blade design – Use of combined reinforcements 
The ideal scenario would be obtained if a blade could be totally redesigned and new 
manufacturing methods could be considered as add-on to the existing manufacturing 
methods. However tests on exiting blade design also could have relevance, if some of 
the suggested reinforcements were used. For example, a box girder test with both ribs 
and cap reinforcement (wires) would be a good combination, since wires prevent 
buckling, ribs carry the crushing pressure and avoid the blade to collapse in transverse 
shear distortion. To obtain edgewise fatigue loads a floor should be inserted in the 
trailing edge region or the U-profile solution should be considered where the adhesive 
joint in trailing (and leading) edge is moved to the box section area. In Figure 85, a 
blade design is shown where four out of the suggested six reinforcements are used. 
The web coupling reinforcement is not needed in the regions where there are floors 
inserted in both the trailing and leading edge. The rib reinforcements are not integrated 
since it is difficult to implement in a manufacturing process. The floor between the 
shear web and the leading edge could be omitted, if experiences shows that there are 
no fatigue problems in this adhesive joint on the leading edge. The floor in the leading 
edge region could be omitted, since no adhesive joints are expected to be critical due 
to the adhesive joint being moved to the U-box section area. 
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Figure 85.  Blade design with use of 4 reinforcements. 
The extent of reinforcements along the blade must depend on more FE-studies with 
combined loading on the actual design. The choice of reinforcement depends on many 
parameters such as manufacturing process, design, materials and the size of the blade 
etc. Further, a comprehensive experimental test program is needed because 
introducing reinforcements can cause other non-expected problems. One problem 
could be that a fatigue problem could arise at the connection of the reinforcement to 
the blade structure.    
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8  Summary of ultimate loads obtained in  
the full-scale tests 
In this chapter the ultimate loads obtained in the full-scale tests are compared and 
discussed. In tests 3 and 4 (with and without wire reinforcement), the blade was not 
tested to failure, but the effect of the wire reinforcement was found, see Section 7.2. 
All percentage values in Table 2 refer to the first full-scale test, where the entire blade 
was tested. The load assumptions are described in Section 2.2, and the percentage 
refers to the root moment in the first full-scale test. The moment and the shear force 
distributions were higher for tests 2-5 than for test 1. This makes the comparison 
between test 1 and the shortened box girder tests (test 2-5) conservative.  
 
The second full-scale test (the first box girder test) carried 20% less load than the first 
full-scale test of the entire blade (test 1). This was expected since the buckling 
capacity was reduced without the aerofoil included in the test. The reason why the 
blade (test 1) did not carry the estimated 30-40% higher load, as predicted in the FE-
studies, is expected to be the weak shear web connections in the first full-scale test, 
see Section 6.3. 
Full-scale 
test 
Blade/Box girder  Reinforcement type  Ultimate load in 
percentage 
Test 1  Blade 1  No reinforcements  100% 
Test 2  Box girder 1  Web + Tophat reinforcements  80% 
Test 3  Box girder 2  Web reinforcement  (80%) 
Test 4  Box girder 2  Web + Cap reinforcements  (95%) 
Test 5  Box girder 2  Web + Rib reinforcements  104% 
Table 2. List of full-scale tests where the last column is the maximum obtained load. The two 
percentage values in paragraphs are when the girder was not tested to failure. All 
percentage values refer to the root moment in the first full-scale test. 
One of the main conclusions which can be drawn when the failure loads are compared 
from test 2 vs. test 5, is that inserting ribs results in a failure load increase of 30%. If 
the damage on the shear web, described in Section 7.1, could have been avoided then 
the differences may have been larger. Taking into account that the box girder was also 
critical to buckling, the result was expected and satisfactory. Test 4 (with cap 
reinforcement) was expected to carry higher loads than test 5, since buckling is critical 
for the box girder design. Further, the ribs do not prevent buckling to the same extent 
as the cap reinforcement does. Even though there was no sign of failure in test 4, the 
test was stopped at 95% load, since the box girder was supposed to be used for 
validating the reinforcement and collapse would have been a disaster. The aim of test 
4 was just to compare the effect of cap reinforcement (wires) compared with the non-
reinforced (without wires) test 3. This comparison is given in Section 7.2 and will not 
be repeated here.  
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9 Conclusions  and future work 
9.1  Conclusions and discussions 
On the basis of the static load cases considered here it is concluded that wind turbine 
blades could be much lighter. In principle the blades’ weight could be reduced by a 
factor 4 or 5. In practice, this is not expected to be possible, but a realistic weight 
reduction by 20-50% is also very attractive. Some of the difficulties, which could arise 
include that the blade would be too flexible in the flapwise direction due to the 
problem of tip clearance between the tower and blade tip. In order to increase the 
distance between the blade tip and the tower during operation, the rotor can be coned, 
blades can be pre-bended or the rotor plane can be tilted. A tilt angle of about 5° 
between the rotor axis and the horizontal plane is common, but a bigger angle could 
also be considered. In the past, on some wind turbines the rotor plane was placed in 
the wake behind the tower, it was called a ‘back runner’. If the blades not are allowed 
to be as flexible as the strength optimization allow the ‘remaining’ strength capacity 
will result in extra reliability, which is also an important issue for the wind turbine 
manufacturers. 
 
Three elastic structural responses and four failure mechanisms are expected to be 
critical for most current and future wind turbine blades. The elastic structural 
responses are buckling, localized bending and the Brazier effect. The four failure 
mechanisms are skin peeling, interlaminar shear failure, web failure and transverse 
shear distortion. Some of the elastic structural responses and failure modes are 
expected to be even more critical in future blades designs. E.g. if the cap laminates get 
thinner then the tip deflection and the longitudinal curvature increase. The increase in 
the longitudinal curvature effects in substantially larger crushing pressure (increase 
with squared to the curvature), which makes the failure modes related to the Brazier 
load (interlaminar failure in cap and failure in the webs) more critical.  
Both buckling and interlaminar failure are expected to be critical if the cap thickness is 
reduced. The crushing pressure was found to be the main reason why the first test 
blade failed, but that was mainly due to a special single skin connection in the webs of 
the SSP blade design. This ‘weakness’ was reinforced in the following tests and the 
Brazier loads were not the only reason for the next two collapses. The failures were 
also partly caused by buckling, which resulted in skin debonding in the sandwich 
shear webs. The buckling problem is automatically solved for the SSP 34m blade 
when the aerofoil is included, and it is doubtful that the webs would have failed 
without the contribution from the buckling. The interlaminar shear failure mechanism 
has not been measured in the full-scale tests but in other experimental tests (3-and 4-
point bending) and the level of measured deformations on the cap indicate that this 
failure mechanism could be critical for current wind turbine blades. The transverse 
shear distortion failure mechanism is dominating in non-liner FE-studies with 
combined loading, but in the full-scale test this failure type was restrained since only 
flapwise load was applied. 
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In the first full-scale test only a few local displacement sensors were included, in 
addition to the strain gauges required by the certification test. Without these cap and 
web measurements it would not have been possible to conclude that the blade first 
showed skin peeling and afterwards collapse of the shear web towards the trailing 
edge. In the second full-scale test it was easier to conclude which failure mechanisms 
were involved, since a large number of strain gauges and displacement sensors were 
located in the area where the box girder failed. Furthermore, camera was used which 
clearly showed that the sandwich skin debonded and therefore the collapse was 
inevitable. A more detailed study of the failure using all the measurements, including 
the DIC system, showed that the caps prebuckled before the web failed. The study also 
revealed that this small scale buckling contributed to the strain distribution in the shear 
webs which led to the skin debonding from the sandwich core, causing unstable 
buckling and the box girder collapsing. Without the large number of strain gauges, 
displacement sensors and the DIC measurement it would have been difficult to 
identify the failure modes. Studying failures after the blade has collapsed is extremely 
difficult. Therefore it is recommended that intensive FE-studies and a large number of 
measurement equipment are used to detect the failure. It is especially important to 
measure deformations on the local scale, which often shows non-linear behaviour, 
while the global deformations can be used to validate the FE-model. In this thesis this 
calibration approach has shown to be valuable and it is strongly recommended. It is 
also important that more advanced test equipment is used in the future full-scale tests 
if the first critical failure mechanisms are to be addressed.  
 
The precision of predicting ultimate failure from the FE-analysis depends on failure 
mode critical for the individual test. Nonetheless, in general, the elastic mechanisms 
can be predicted with a sufficient accuracy, using detailed non-linear FE-models. The 
accuracy has been especially satisfactory when the FE-model was calibrated to 
experimental results obtained earlier, such as the box corner stiffness. This was done 
after the first test and hereafter the predictions were more reliable for the following 
tests. Non-elastic damage related failures, such as interlaminar failure or the sandwich 
skin debonding from the sandwich core, could never be predicted by this type of FE-
analysis. This will require use of other element types such as cohesive interface 
elements. These types of elements are very useful for smaller sections but not for large 
structures, such as wind turbine blades. Today, the inputs to these elements are very 
comprehensive, since mixed mode laws have to be found experimentally. Numerical 
FE-studies with realistic load combinations are applied showing that transverse shear 
collapse is a realistic failure mode, especially if the non-linear effects are taken into 
account. This type of failure could be the reason why the blades fail at a low strain 
value.  
 
Six different types of structural reinforcements preventing undesired structural elastic 
mechanisms are found to be validated for current and future wind turbine blades. The 
functionality of two of the suggested structural reinforcements was demonstrated in 
full-scale tests and the rest trough FE-studies. The extent of the needed reinforcement 
depends on the blade design, manufacturing process, materials, etc., but some of the 
failure mechanisms are more or less generic and are expected to be relevant for almost  
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all blade designs. Another important issue, which will decide how large an extent 
these reinforcements will have in future wind turbine blades, is how realistic the 
design and certification process will be in the future. If some of the ‘observations’ 
found in this PhD-thesis regarding the limitations in the load application and the need 
for more complex loading, are not changed in the future design process, then some of 
the addressed problems may not appear in full-scale test but ‘only’ in the real life. 
When a blade fail in the real life then it is often extremely difficult to decide which 
failure mechanism cause the collapse and it may also take several years before an 
extreme load combination occur, so it is strongly recommended that the full-scale tests 
of the blades are as realistic as possible.  
 
Proofs of concept based on experimental observations have been performed for the 
web coupling reinforcement, as well as rib and cap reinforcement. They all gave 
results predicted by the FE-studies. The cap reinforcement was validated by two full-
scale tests, when the box girder was tested with and without wires representing the cap 
reinforcement. The full-scale tests showed that the cap reinforcement is very 
promising, even in areas where the transverse curvature is small. The cap 
reinforcement is expected to be placed in all areas where buckling and/or interlaminar 
failure is a problem. Thus, if no alternative solutions are used, this reinforcement is 
expected to be used in large regions of the blade. An alternative solution for the 
buckling problem is the invention of the U-shape profile with a cap with a tophat or I-
stiffeners. If the cap cover part is winded with fibres, then both interlaminar failures 
due to flattening and buckling problems are expected to be solved. The rib 
reinforcement was tested in the second box girder (test 5) and it failed at 104% load, 
which is an increase in the ultimate load at 30% compared to the first box girder test 
(test 2). The increase in ultimate load is dramatic considering that only six ribs are 
inserted. Detailed studies of what was the first dominating failure mechanism has not 
been done since the major purpose was to see the effect on the ultimate load. It is 
probable that the failure was either buckling or the shear web failure. In such a case 
the rib solution would have even more significant effect if the box girder was designed 
against these high loads. The failure could also be caused by an unwelcome weakness 
(damage) found on the shear web. From a structural point of view inserting ribs is 
found to be a good solution to prevent different failure mechanisms. The major 
problem with ribs is the manufacturing process, especially in regions where it is 
impossible to insert the ribs after the blade has been cured. 
9.2 Future  work 
In beginning of 2009 a full-scale test of another SSP 34m blade is planned. The full-
scale test is prepared in Risø DTU’s new test facilities, see Figure 86.  
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Figure 86.  Risø DTU’s new  research blade test facility. The blade shown is a shortened (25m) 
34m SSP-blade. 
The main idea is to make a ‘Proof of Concept’ of the floor and web coupling 
invention. The deformations will be measured by the DIC system and a large number 
of mechanical deformation sensors inside and outside the blade are planned, see 
Figure 87.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 87. Sketch of measuring equipment planned for the forthcoming full-scale test   
at Risø DTU. 
In the first full-scale test the focus will be on a test without any of the suggested 
reinforcements in order to get a good reference for comparison with the next full-scale  
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tests with reinforcements. The second test will be with a flat sandwich panel (floor 
reinforcement) inserted in the trailing edge. It is expected that the floor panel will have 
a positive effect on the deformations of the trailing edge panels and out of plane 
deformations of the shear web as well. After the second test the sandwich panel will 
be removed and the web coupling invention will be tested. This is simply done by 
inserting a pin between the two shear webs.  
 
The full-scale test can also be used for proof of concept of the transverse shear 
distortion (Patent C), but it is expected that the loads have to be much higher than for 
the other (floor and web coupling) proof of concept tests, to make the effect of the 
shear cross visible. 
The U-profile invention with a cap cover part in high quality opens up for new 
manufacturing methods. The cost of including these expensive manufacturing 
techniques should be investigated and be compared with the savings. 
The three latest inventions, see ref. [34][35][36], are all related to the field presented 
in this thesis. ‘Proof of concept’ of these new inventions will be performed in 2009 
and 2010.  
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SUMMARY  
Critical failure was observed in the shear web of a wind turbine blade during full 
scale testing. This failure occurred just before ultimate failure and was partly caused 
by buckling and linear and non-linear cross-sectional strain. 
The current paper demonstrates how a combined experimental and theoretical 
approach can be applied in the analysis of the shear webs in the reinforced wind 
turbine blade. Only elastic behaviour is analyzed and attention is primarily 
addressed to the Brazier effect. The complex, geometrically non-linear, elastic 
stress-strain behaviour of the shear webs and the cap in compression are analyzed. 2 
The crushing pressure from the Brazier effect which contributes to the non-linear 
distortion of the profile is studied using different approaches based on experimental, 
numerical and analytical work.  
Brazier pressure may have a significant impact on the design of new blades and An 
optimized box girder has been studied to show the importance of including Brazier 
pressure in the design process for future wind turbine blades. 
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LIST OF SYMBOLS 
C: Bending curvature of beam 
E: Young’s modulus 
h: Box girder’s depth 
I: Second moment of area 
l : Segment length 
M: Bending moment 
crush P : Crushing pressure acting on each shear web, per unit length of the blade 
R: Bending radius of the box girder 
w : Local width of the box girder 
Z: Distance to the neutral axis 
δ: Local deflection 
ε: Local strain  
ν : Poisson’s ratio 
braz ψ : Brazier crushing force 
1/a11 In-plane laminate stiffness in 1-direction 4 
1. INTRODUCTION 
The size of wind turbine blades is expected to increase considerably in the future as 
initiatives to increase the contribution to energy production from renewable energy 
sources accelerate. In order to achieve this a better understanding of the structural 
behaviour of composite turbine blades is required. The detailed structural behaviour 
must be investigated beyond the elastic range, including identification of failure 
modes leading to ultimate collapse. Such failure modes typically include 
combinations of large, geometrically nonlinear deformations such as buckling and 
wrinkling and material non-linear effects such as fibre failure, matrix cracking, skin 
debonding and delamination.  
So far wind turbine blades have typically been optimized through a combination of 
testing  and simplified analytical and numerical methods. However, numerical 
simulation tools are gaining wider acceptance as they become more sophisticated in 
their predictive capability, thus offering a route to significantly lower 
developmental costs.  
An important geometrically non-linear effect, which so far has been somewhat 
overlooked in failure analysis of wind turbine blades, is the so-called Brazier effect. 
Since von-Karman [13.], it has been recognised that thin-walled, hollow structures, 
under bending, suffer a flattening of the cross-section. This flattening is manifested 
as an ovalisation in circular sections and as “suck in” for squared tubes, see Figure 
2.  
The flattening effect is caused by internal forces and appears when large 
deformations occur. When large deformations of e.g. a box girder cross section 
subjected to a bending moment are taken into account, the forces in the flanges can 
be resolved in transversal and longitudinal components, see Figure 3. The 5 
transversal components are responsible for the flattening effect. These internal force 
components are referred to as the crushing pressure in the following.  
The distortion reduces the section’s second moment of area, and thus its bending 
stiffness. Brazier [10.]-[12.], however, was the first to realise that such a reduction 
in the second moment of area would lead to a non-linear bending response, and 
eventual structural collapse. From Brazier’s analysis it follows that the crushing 
pressure increases with the square of the curvature of the section, and thus (before 
large cross-sectional deformations occur) with the square of the bending moment. 
Since Brazier’s pioneering work, the analysis of this non-linear response has 
progressed into the investigation of composite structures[14.], non-circular cross-
sections (e.g.[15.]]) and aerofoil sections. 
Recently a series of tests have been carried out at Risø DTU in Denmark in an 
attempt to optimize a 34 m blade design from SSP-Technology A/S in a combined 
experimental and theoretical approach. First, a full scale 34m blade was tested to 
failure in flap-wise loading, see Figure 1a. and [3.]. Ovalization of the load carrying 
box girder was measured in the full-scale test, see Figure 1b and simulated in non-
linear FE-calculations. The nonlinear Brazier effect was characterized by a crushing 
pressure which caused the ovalization. To capture this effect, non-linear FE-
analyses at different scales were employed. A global non-linear FE-model of the 
entire blade was prepared and the boundaries of a more detailed sub-model were 
extracted. The FE-model was calibrated based on full-scale test measurements. 
Local displacement measurements helped identify the location of failure initiation 
which lead to catastrophic failure. Comparisons between measurements and FE-
simulations showed that delamination of the outer skin was the initial failure 6 
mechanism followed by delamination buckling which then led to collapse as shown 
in the sketch in Figure 4a.  
Based on experiences from the first full-scale test a new reinforced blade was 
manufactured and the weak point at the shear webs was reinforced, see Figure 4b.  
A new full-scale test was performed, shown in Figure 5. 
This time only the load carrying box girder was tested. The set-up for the new full-
scale test is presented in [4.] and [5.]. In [4.] buckling of the cap was identified as a 
potential failure mode. Consequently, a ‘tophat’ reinforcement was introduced in 
the root section. The complete records of the test of the reinforced box girder can be 
found in [5]. 
The current paper demonstrates how a combined experimental and theoretical 
approach can be applied in the analysis of the shear webs in the reinforced wind 
turbine blade box girder. Only elastic behaviour is analyzed and attention is 
primarily addressed to the Brazier effect. The complex, geometrically non-linear, 
elastic stress-strain behaviour of the shear webs and the cap in compression are 
analyzed. The crushing pressure from the Brazier effect which contributes to the 
non-linear distortion of the profile is studied using different approaches based on 
experimental, numerical and analytical work.  
To verify the strength of the web reinforcements shown in Figure 4b, cross sections 
of the box girder were tested by applying a crushing load. This experimental work 
described in [6.] is further elaborated on in this paper. 7 
Finally a substantial discussion on the importance of taking the Brazier effect into 
account in future wind turbine blade designs is presented along with the final 
conclusions.  
2. EXPERIMENTAL WORK 
Full scale tests have recently been conducted at Risø DTU with a 34 m wind turbine 
blade [3.] manufactured by SSP Technology A/S. Based on experiences from this 
full-scale test a new reinforced blade was manufactured and the weak points at the 
shear webs was reinforced, see Figure 4b. Further a so-called tophat reinforcement 
was introduced to avoid buckling of the cap [4.]. To verify the web reinforcements, 
before the full-scale test of the reinforced box girder, transverse sections of the 
unreinforced, original and the new reinforced box girder were tested, see Figure 6 
and [6].  
2.1 Verification of the web reinforcement subjected to a crushing pressure 
A load perpendicular to the box girder axis in the flap-wise direction was applied to 
100 and 200 mm sections of the unreinforced and the reinforced box girder 
respectively to induce cross-sectional flattening. This load mimics the Brazier 
crushing pressure. In the unreinforced 2D section test the single skin and the 
adhesive connection of the two half parts buckled, see Figure 6a. For the test of the 
reinforced section, the failure also happened in the shear web, but this time in the 
sandwich area, see Figure 6b.  
The applied load  was approx. 9kN for the specimen without web reinforcement and 
approx. 18kN with web reinforcement. The test specimens without reinforcement 
had a depth of 200mm and the reinforced specimens a depth of 100mm, thus 8 
consequently, the reinforcement approximately increased the strength by a factor 4. 
Based on this observation and the expected crushing pressure in the full-scale test it 
was concluded that the reinforcement had sufficient strength to ensure that the 
failure would not occur due to crushing pressure in the adhesive joint. The observed 
failure mechanisms in the reinforced sections were similar to those observed in 
other transverse section tests, see ref. [7.].  
2.2 Failure observed in the shear web in the reinforced girder  
As mentioned, the full-scale test involved only the reinforced load carrying box 
girder.  
Figure 7a shows a frozen frame picture from a video recording of the first failure 
mode of the box girder full-scale test at 10.1m from the root. It shows initial face 
debonding of the outer skin on the shear web’s sandwich section, leading to 
ultimate collapse of the box girder. Figure 7b shows a sketch illustrating the failure 
and the strain gauges attached in that area. 
During the full-scale test, strain was measured in different locations using strain 
gauges.  
Figure 8a shows the position of all strain gauges located in a section 10m from the 
root. Figure 8b  shows the position of the ‘back to back’ strain gauges (i.e. strain 
gauges on either side of the girder wall at the same position) analysed in the 
following. These strain gauges are measuring the strain perpendicular to the girder 
axis and are denoted 90
0 strain gauges in the following. The readings from the 90
0 
gauges in measuring points placed symmetrically around the neutral axis in the 
longitudinal compressive and tensile side of the web are presented in Figure 9.  9 
The longitudinal compressive and tensile strains are due to global bending of the 
box girder. In Figure 9a the 90
0 strains in the longitudinal compression side of the 
web on the inner and outer side are shown. These strains are positive (tensile) and 
increase with increasing load until 70% of the ultimate load is reached after which 
the strains decrease. Strains on the inner surface are consistently larger than the 
strains on the outer surface. The 90
0 strains on the longitudinal tensile side of the 
web – on the other hand – are negative (compressive) as shown in Figure 9b. These 
strains decrease with increasing load without any sudden change, however the 
strain-load response is slightly non-linear. Strains on the inner surface are slightly 
larger numerically than strains on the outer surface. 
The 0
0 (longitudinal) strains  in the box girder caused by global bending, leads to 
associated strains in the 90
0 direction due to the Poisson’s ratio effect; positive in 
the shear webs of the upper (longitudinal compressive) half part of the box girder 
and negative in the lower (longitudinal tensile) as shown in Figure 9. Normally, the 
transverse deformation is small in axially loaded 0º laminates, but for ±45º 
laminates the Poisson’s ratio is large, typically for the materials in question [12.]. In 
the FE-model of the box girder described in following section the ±45º laminates 
are modelled as 0º laminates with an axial Poisson’s ratio of 0.6. The theoretical 
Poisson’s strain in the 90
o direction ( Poisson ε ) is given by: 
axial Poisson ε ν ε ⋅ = ,         [ 1 ]  
where ν is the axial Poisson’s ratio, and  axial ε  is the 0
0 strain in the longitudinal 
direction related to global bending. 10 
From Brazier [10.], the crushing pressure acting locally on the cross-section (per 
unit length) is given by: 
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where C denotes the longitudinal curvature of the cross-section, Z the distance to 
the neutral axis, εaxial the local 0
0 strain and 1/a11 is the laminate’s axial, in-plane 
stiffness (for isotropic materials it is the Young’s modulus multiplied by the wall 
thickness). As a result the crushing pressure increases with the square of the 
curvature of the section, and thus (before large cross-sectional deformations occur) 
with the square of the bending moment: 
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It is hypothesised – and substantiated in the following – that it is the combination of 
compressive strains from the Brazier crushing pressure and strains due to global 
bending that result in numerically higher 90
0 strains in points on the tensile side of 
the blade, than those measured in similar points on the compressive side, as seen in 
Figure 9a and Figure 9b. 
The drop in the strain-load curves at 70% load in the full-scale test in the upper 
(longitudinal compressive) side of the web is caused by buckling of the cap. Figure 
10 shows the location of the observed buckling deformations. Once buckling of the 
box girder initiates, the inward buckling wave and the associated reaction in the 
shear webs at the 10m section introduces compressive strains at the compressive 
side of the shear web, subsequently producing the sudden drop in strains 11 
demonstrated in Figure 9a. Further the local bending of the web introduces the 
difference in the back to back strains.    
It is interesting to note that the failure observed in shear web in the box girder was 
similar to the failure observed in the reinforced section test, see Figure 7a, b and 
Figure 6.  
 
3. NUMERICAL STUDY OF THE BOX GIRDER 
3.1 FE-model 
A large finite element model of the load carrying box girder, containing both shell 
and solid elements, was created to analyze the elastic, geometrically non-linear 
structural behaviour, see Figure 11. 
 
The caps are thick laminates, with most of the fibres in the longitudinal direction to 
limit tip deflection. More details about the lay-up can be found in appendix A.  The 
caps are modelled with 4-noded layered shell elements using a thick shell 
formulation (taking shear deformation into account). The elements are located at the 
mid-thickness of the caps and shell offsets are therefore not needed. 
The shear webs are sandwich structures, which main purpose is to transfer the 
flapwise shear forces. The webs are modelled with a combination of shell and solid 
elements. The thin skins on either side of the webs consisted mainly of biax lamina 
and are modelled with 4-noded layered shell elements placed in the mid-thickness 
of the material. The core material in the shear webs are modelled with one 8-noded 
orthotropic solid brick elements though the thickness. Furthermore, the 12 
reinforcement of the webs (see Figure 4b) consists of adhesive and is modelled with 
8-noded solid brick elements. 
A relatively coarse mesh density is applied at the first 6 meter and the last 5 meter 
of the box girder to minimize the degrees of freedom. From 6 to 21 meter the FE-
model consists of a mesh with 128 elements circumferentially and an element 
aspect ratio no bigger than 2. The entire model has 150000 nodes. The analyses are 
done through a computer cluster with up to 240 nodes (one processor machines). In 
this particular case, 12 nodes are used and it takes approximate 1 hour with 40 load 
steps to complete the analysis 13 
3.2 Results from FE-model 
Figure 12 shows 90
0 strains at two locations in the compressive and tensile side of 
the web placed symmetrically around the neutral axis of the girder at 10 m from the 
root. The two locations are identical to the locations where strain gauges were 
placed in the test. Both linear and geometrically non-linear calculations are 
presented.  
The difference between the linear and the non-linear results is, at least in part, 
caused by the Brazier effect. The crushing pressure, attempting to flatten the cross-
section,  introduces compressive strains into the shear webs. However, this crushing 
pressure varies with the square of the applied load, resulting in the noted deviation 
from linear responses. Other non-linear phenomena, such as changes in geometry 
and loading configuration (which follows the geometry in the non-linear analysis), 
will also contribute to the observed nonlinearities.  
Buckling is producing the sudden drop in strains at 70% load, quite similar to the 
measured behaviour, see section 5 for further discussion. In Figure 13 part of the 
model is shown and the buckling is be visualized by plotting the 0
0 strains in the 
cap. 
4. SIMPLIFIED SEMI-ANALYTICAL MODEL  
A simplified semi-analytical modelling is undertaken to help better understand the 
underlying physics of the blade response. Two aspects of the response are modelled 
below, the Poisson’s strains, and the Brazier crushing pressure (section 2.2). In 
order to calculate the crushing pressure at a given applied load it was necessary to 
calculate the induced curvature in the blade and in order to provide a direct 14 
comparison of the experimental and FEA results with the simplified analysis for 
both Poisson’s strains and Brazier pressure, the curvature was calculated from the 
FE analysis and used consistently in the simplified analysis. 
4.1 Theoretical Poisson’s strain 
The theoretical Poisson’s strain is given by 
C Z axial Poisson ⋅ ⋅ = ⋅ = ν ε ν ε      [ 4 ]  
where ν is the Poisson’s ratio, Z the distance of the strain gauge from the neutral 
axis, and C the local curvature. Local curvature, for a given applied load,  is 
calculated from the FE analysis and is assumed to vary linearly with increasing load 
for the purposes of this model. 
4.2 Theoretical crushing load 
Assuming that the box-section is a rectangular, symmetric cross-section, and that 
the bending load is primarily supported by the box girder, Eqn. 2 can be used to 
calculate the crushing force acting on each shear web, per unit length of the blade, 
see ref. [12]. 
2
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crush =       [ 5 ]  
where  w is the local width of the box girder, and h is the box girder’s depth. 
1/a11_Cap is the laminate’s axial, in-plane stiffness of the load carrying cap. More 
details about the lay-up of the cap can be found in appendix A.   
 15 
4.3 Calculated longitudinal curvature 
It follows from the above that the crushing pressure calculation requires the local, 
instantaneous curvature of the blade. This, unfortunately was not measured directly 
in the experiment. However, for small deformations the longitudinal curvature (C) 
10m from the root can be found by extracting 3 node deformations δ1, δ2, δ3, in 
three sections of the FE-model, 9m, 10m and 11m from the root, respectively, see 
Figure 14. The curvature can be approximated by 
2
1 2 3 2
l
C
δ δ δ + −
=       [ 6 ]  
where l is the segment length (1m in this case). This gives a local curvature, at 80% 
load, of 0.009m
-1. For the purposes of the subsequent comparison, this was assumed 
to scale linearly with load. 
4.4 Calculated experimental and FE crushing load 
No experimental data directly measuring the crushing pressure was recorded, and 
unfortunately it was not possible to locate strain gauges at the neutral axis on the 
web. As a result, the readings from the strain gauges (located away from the Neutral 
Axis) include strain due to Poisson’s ratio effects (resulting from the global bending 
of the box girder).  
Since the 10m strain gauges were located approximately symmetrically around the 
neutral axis, the Poisson’s ratio effects can be approximately eliminated by 
averaging the upper and lower strain gauge readings. Further, since the skins of the 
sandwich panel are thin compared to the sandwich depth (and the core has a low 16 
Young’s Modulus), the total force (per unit span length) carried by the sandwich 
panel can be calculated by 
Pcrush =εinner
1
a11_inner
+εouter
1
a11_outer
    [ 7 ]  
where ε is the strain in the inner and outer skins of the sandwich panel and where 
1/a11 is the laminate’s axial, in-plane stiffness in inner and outer skin of the 
sandwich panel.  
In the FEA it is possible to identify the cross-sectional strain at the neutral axis, but 
since the layup and reinforcement complicate calculation of cross-sectional 
stiffness, the same approach was used to calculate the FEA crushing force as for the 
experimental data. 
5. COMPARISON OF RESULTS 
5.1 Strain 
 
Figure 15a compares the 90
o experimental and numerical  strains (from linear and 
non-linear FEA) on both faces of the sandwich web, with the theoretical Poisson’s 
strains (Eqn. 4). The non-linear FE-model has good agreement with the measured 
results, except that the post buckling behaviour starts at 80% of the ultimate failure 
load, rather than the  measured 70%. 
The theoretical Poisson’s strain in the compressive part of the web match the Linear 
FEA results perfectly – as expected, implying that these strains are indeed due to 
the Poisson’s strains. However, the strains in the lower part (tensile), do not match; 17 
which may be explained by the asymmetry of the profile, see e.g. Figure 11. The 
simple linear model for the theoretical Poisson’s strain predicts symmetric strain 
values (approximate 1000μS in the absolute strain at 80% of the failure load) on the 
compressive and tensile parts of the webs. 
The Poisson’s ratio causes the linear increase in 90
o strains initially observed in 
both Figure 15a and Figure 15b. However, as the load increases, the strains become 
non-linear with respect to applied load and it is noted that both graphs deflect 
towards compressive strains. As already mentioned in section 2.2 it is hypothesised 
that these non-linearities in the strain response are caused by the Brazier crushing 
forces, as explored below. 
5. 2 Crushing Pressure 
With the equations predicting the theoretical crushing force per unit length (Eqn. 5 
and 6)  established, these can be compared to those calculated from the 
experimental and finite element analysis (Eqn. 7). 
The resulting crushing forces at the 10m section are plotted in Figure 16 above. It 
should be noted that the experimental and FEA shear web lay-ups do not quite 
coincide at this 10m location. This has been accounted for in the calculation of 
crushing force via eqn. [4]. It does not (significantly) change the total crushing 
force, as the pressure is principally generated by the box girder and not the web. 
Figure 16 shows a good correlation between the theoretical, experimental and FEA 
crushing pressures acting on the shear web, indicating that the crushing pressure is 
indeed primarily caused by the Brazier effect. The deviation of experimental results 
from the theoretical ones at high deformations is to be expected, both due to the 18 
breakdown of the validity of the simplifying assumptions of the theoretical model, 
and due to local buckling.  
 
6. DISCUSSION  
To illustrate the importance of Brazier loads in future blade design, FE studies on 
an improved, load carrying box girder have been performed. In ref. [17.] cap 
laminates from SSP-Technology A/S, have been tested indicating a large safety 
margin for this particular element with strain capacities 4-5 times the strain level 
typically observed in full-scale tests, see ref. [3.]. If we assume buckling and other 
critical failure mechanisms could be eliminated the cap thickness could be reduced 
dramatically. In [18.],[19.],[20.],[21.],[22.],[23.],[24.] and [25.], different failure 
mechanisms have been studied and reinforcement arrangements have been 
suggested. In this study no specific reinforcement arrangements are suggested, 
however a FE-study of an optimized box girder is carried out. To avoid buckling a 
sandwich core material has been implemented in the compression cap, as suggested 
in [8.]. The FE-model do not take any material non-linearities into account thus the 
investigation is only intended to study the effect of the Brazier forces assuming that 
it is possible to reduce the thicknesses of the cap.  
The thickness of the tension cap is reduced to 1/3 of the original thickness (approx. 
10mm), see Figure 17b. From the two deformation plots in Figure 18 (plotted with a 
deformation scale factor of 2) it is clear that the deformation of the tension cap in 
the optimized non-symmetric box section is greater than in the symmetric box 
section. The deformation of the centre of the tension cap is plotted for the two 19 
designs and it can be concluded that the local deformation of the tension cap is 
approximately ten times greater. This has two explanations. First of all the 
longitudinal curvature is increased by a factor of two (due to the reduced bending 
stiffness) which increases the “crushing pressure” by a factor 4 (crushing pressure 
scales with the square of the curvature). The second, and dominant, reason is the 
reduction of the skin’s cross-sectional bending stiffness to approximately 3.6% 
(based purely on relative thicknesses). The change in deflection is not, however, in 
any significant way due to the change in composition of the lay-up, see Figure 20. 
In Figure 19a, showing cap deformations and 90
0 strain, a similar pattern is 
observed in the response of both the optimised and original box girder design. The 
position of the transverse strain gauges in the original box design can be seen in 
Figure 19b. From Figure 19a it can also be observed that the non-linear FE-model 
accurately predicts both cap deflection and transverse strain. 
One of the problems with thinner cap thickness and increasing crushing pressure is 
that when the cap deflects there is a risk of interlaminar failure; since there are both 
mode I (opening) and mode II (shear) interlaminar stresses. Testing  of the actual 
cap (3 and 4 point  bending) have recently been performed and here the allowable 
deflection before interlaminar failure is found to be approximately 4-8mm while the 
tested cap deflections are in the range of 1-6mm. Tests and results are presented in 
[9.].   
Similar considerations must be accounted for when designing with carbon 
laminates, since these allow for a reduction in the wall thickness compared to glass 
fibre. 20 
7. CONCLUSIONS 
In the particular blade design investigated here it seems that the first, critical failure 
was skin debonding in the shear webs towards the leading edge in the upper, 
compressive  region of the shear web. This failure appears to be caused by a 
complex stress state with contributions from global bending, the Brazier pressure 
and the downward reaction from the buckling wave. The global bending which 
causes the upper part to be in longitudinal compression, leads to associated positive 
strains in the 90
0 direction due to the Poisson’s ratio effect which are subsequently 
reduced by the Brazier crushing pressure. Immediately after the skin was debonded 
from the sandwich web, the box girder collapsed,.  
The Poissons effect cause linear tension (90º direction) in the upper part of the shear 
webs. This is caused by the longitudinal compression and tension due to the global 
bending. The Brazier effect and post buckling resulted in a non-linear elastic 
behaviour in the shear webs. Non-linear finite element analysis was used and 
predicted both the Brazier behaviour and the buckling behaviour with reasonable 
accuracy. 
The through section crushing forces, as extracted from both the full scale test and 
the FEA were compared to simple theoretical models, and showed good correlation.  
To the author’s best knowledge this is the first direct measurement of Brazier 
crushing forces carried as membrane stresses in the shear webs; and certainly the 
first experimental verification of the Brazier effect in wind-turbine blades. The 
accuracy of the simple mathematical models, allows their use in the design of future 
blades to ensure the capacity of the system to resist crushing forces. Hopefully this 21 
will, in the long-term, maximize the load capacity of wind-turbine blades, and allow 
for their further optimization. 
When future wind turbine blades are optimized further, larger longitudinal 
curvature will increase the Brazier crushing pressure. If the tension cap is optimized 
against strength and not tip deflection, thinner laminates could be used on the 
tension side. This will result in considerably higher cap deformation on the tension 
cap, which will cause higher interlaminar stresses, and may be critical. To illustrate 
this issue an optimized blade was designed. Sandwich core material has been 
implemented in the cap in compression, to prevent buckling and the thickness of the 
tension cap is reduced to 1/3. This has resulted in 10 times larger deformation in the 
tension cap. 
FUTURE WORK 
In order to validate the numerical FE-studies of the further optimized box girder 
design full scale tests are needed.. 
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MSC-Patran and the laminate modeller module have been used for pre- and post 
processing. MSC-Marc has been used as non-linear FE-solver. 22 
The caps mainly consist of unidirectional (UD)-glass, see Figure 20. The effective 
Young’s modulus of the cap is estimated to be 32GPa (per the rule of mixtures). 
Young’s modulus of the UD laminate is approx. 40GP (in the fibre direction), and 
approx. 13GPa for a ±45, biaxial laminate. The web is comprised of a sandwich 
panel, with a 22mm core of PVC-foam with a Young’s modulus at 48MPa.  23 
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Figure 1: Full-scale test of a 34m blade from SSP-Technology A/S 1a) Photo from ref. [3.] 1b) 
Wind turbine blade subject to bending, leading to ovalization of the profile  
 
 
 
 
 
Figure 2: Inward crushing forces on a thin walled structure subject to bending, leading to flattening 
of the cross-section. a) Ovalisation of a circular section - figure from [12.]    
b)  “Suck in” of  a squared tupe - figure from [16.]. 
 
 
 
 
 
 
 
 
 
 
Figure 3: Inward crushing forces on a thin walled structure subject to bending, leading to flattening 
of the cross-section  
Fig. 1a
Fig. 1b
Fig. 2b 
Fig. 2a 26 
 
 
 
 
 
 
 
Figure 4: Cross sections of an unreinforced wind turbine blade and a reinforced box girder both 
from SSP-Technology A/S a)Web failure of SSP34m blade b) Reinforced shear webs in a new full-
scale test of a SSP34m load carrying box girder 
 
 
 
 
 
 
Figure 5: Full-scale test of 34m (shortened to 25m) load carrying box girder from SSP-Technology 
A/S, see ref. [4.] and [5.]. 
 
 
 
 
 
 
 
 
 
Figure 6: 2D-section experiments of original box girder (6a) and reinforced box girder (6b) 
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Fig. 6b 27 
 
 
 
 
 
 
 
Figure 7: Failure observed at the shear web in the “new” box girder test a) Frozen frame picture 
showed skin debonding of the sandwich web towards leading edge b) Sketch which illustrate the 
failure and the strain gauges attached in that area.  
 
 
 
 
 
 
 
Figure 8: a) Strain gauge locations at the 10m span position b) Position of strain gauges which 
results presented in Figure 9. 
 
 
 
 
 
  
 
Figure 9: Experimental strain gauge measurements (back to back)  a) Upper web part b) Lower web 
part. The load scales refer to a previous full-scale test (see ref. [3.]) where the aerofoil was included.  
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Figure 10: Position of the cap buckling pattern  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11:  FE-model a) Entire model of the shortened (25m) box girder. No elements are shown, 
only geometry  b) Section of finite element model  
 
 
 
 
 
 
 
 
Figure 12: Linear and non-linear FE-results  a) Upper web part b) Lower web part. The load scales 
refer to a previous full-scale test (see ref. [3.]) where the aerofoil was included. 
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Figure 13:  Section of finite element model from 9.5m to 13.2m from root. 
Strain in global x-axis (transverse) is shown. 
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position 
Blade 
deflection 
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δ2 10.0m 180mm 
δ3 11.0m 233mm 
Figure 14: Longitudinal curvature extracted from the FE-model (at 80% load)  
 
 
 
 
 
 
 
 
Figure 15: Comparison of experimental, numerical and theoretical results  a) Upper web part b) 
Lower web part.  
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Figure 16: Comparison of theoretical FEA and experimentally measured crushing force carried in 
the leading web  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17: Sketches and deformation plots of an optimized (non-symmetric) box section and an 
original (symmetric) design. Figure a+c show the original box girder design and figure b+d the 
optimized design. The two deformation plots (c+d) are showed with a deformation scale at 2. The 
solid colour are the undeformed.   
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Figure 18: Cap deformations of an optimized (non-symmetric) box section and original (symmetric) 
box girder – Cap in tension is shown 
 
 
 
 
 
 
 
Figure 19: Cap deformations and transverse strain gauges(17b) of an optimized (non-symmetric) 
box section and original (symmetric) box girder – Cap in tension is shown 
 
 
 
 
 
 
 
 
 
 
Figure 20: Layup of the load carrying cap  
Transverse strain at lower part (tension side)
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SUMMARY   
The load carrying structure (box girder) of a 34 m composite wind-turbine blade 
was tested to failure under flap-wise loading. A top-hat reinforcement in the root 
section  and  extra  supports  has  resulted  in  a  successful  test,  with  a  realistic 
ultimate  failure.  Critical  failure  was  observed  in  the  shear  webs  just  before 
ultimate failure. 
Non-linear strain behaviour was observed in the shear webs at a lower load level 
and non-linear finite element analysis has been used to simulate the structural 
elastic response. 
Furthermore,  stable  post  buckling  has  been  measured  in  the  load  carrying 
laminate by use of non-contact full field strain measurement techniques. The 
buckling pattern is also identified in the non-linear finite element analysis at the 
same location and load level. 
Laser shearography inspection of the box girder has shown the potential of this 
technique as a means of quantifying the extent of delaminated areas within a 
composite structure. 
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INTRODUCTION 
A failure of a wind turbine blade is of concern to both turbine manufacturers and 
end user generators such as E.ON UK.  A failure would pose an immediate 
commercial  loss  and  may  also  have  safety  implications,  depending  on  the 
location of the wind turbine.  It is clear that routine maintenance and inspection 
programmes play an important role in ensuring that wind turbines are operated 
safely and profitably. 
The size of wind turbine blades are expected to increase considerably in the 
future as initiatives to increase the contribution of renewable  energy sources 
accelerate;  hence  this  will  demand  a  better  understanding  of  the  structural 
behaviour of composite turbine blades.  The detailed structural behaviour must 
be investigated beyond the elastic range, which may include the identification of 
failure modes that lead to ultimate collapse.  Wind turbine blades have typically 
been  optimized  by  experimental  tests  and  simplified  analytical  methods.  
However,  numerical  simulation  tools  are  gaining  wider  acceptance  as  they 
become more sophisticated in their predictive capability as well as offering a 
route to significantly lower developmental costs. 
Based on experiences from a previous full-scale test, see figure 1 and ref. [1], a 
new full-scale test was setup, however for the purposes of this test only the load 
carrying structure was tested, see figure 3.   
 
 
Figure 3: Full-Scale Test – Load Carrying box girder 
 
 
Load carrying 
box girder 
Figure 2: Blade with a load 
carrying main spar  Figure 1: Full-Scale Test – Entire Structure FULL-SCALE TESTING AND FINITE ELEMENT SIMULATION OF A 34 
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One of the objectives of the full-scale test was to assess whether future wind 
turbine blades could be designed with less laminate in the load carrying caps, 
and still be able to carry the loads, even after stable post buckling has been 
observed using non-contact full field strain measurement techniques. 
The finite element method (FEM) [2] was used to determine if any non-relevant 
failure modes, caused by the assumption of not including the aerofoil, would 
occur during the test.  As a result of this study a top-hat reinforcement and extra 
supports have been incorporated in the box girder test to ensure that realistic 
deformation and failure modes are obtained.  The shear webs were shown to be 
the weak point when the blade was tested without the outer skin (aerofoil).  
Only idealised loads can be imposed in a full-scale test and in this paper the 
critical flap-wise load case is evaluated. 
This  paper  is  focused  on  improving  understanding  of  the  local  structural 
behaviour and the ultimate strength aspects of the design. The assessment of 
remaining  service  life  (defect  acceptance  and  growth)  is  a  different  aspect, 
which will be covered in future work. 
 
NEW TEST SETUP OF THE LOAD CARRYING BOX GIRDER 
A full-scale 34 m wind-turbine blade, manufactured by SSP-Technology A/S, 
was tested to failure under flap-wise loading as shown in figure 1.  The results 
from this work are presented elsewhere [1]. 
Based  on  experiences  from  this  full-scale  test,  which  included  the  aerofoil 
section, a new full-scale test was prepared.  However, this time only the load 
carrying box girder was tested, as illustrated in figure 3.   
Besides savings in experimental costs there are several advantages associated 
with not including the aerofoil section in the full-scale test.  For example, it 
allows measurement equipment to be mounted on the outer faces of the box 
girder, which enables a more valid assessment of the FE model response.  It 
should be noted that the aerofoil section only carries a small part of the total 
load.  The  load  carrying  box  girder  carries  approximate  90%  of  the  flapwise 
bending load but reduces the buckling capacity by 30-40% in the area close to 
the root section where the span of the blade is much larger than for the outer 
two-thirds of the blade  length.  In this area buckling is normally not critical; 
however when the aerofoil is removed previous FE analyses has shown that this 
area can be sensitive to buckling failure, see figure 4a. This failure mode is 
unrealistic and unwanted since it would never occur on a production blade that 
includes the aerofoil.  Consequently a top-hat girder section has been added to 
the box girder under test to compensate for the removal of the aerofoil; hence FULL-SCALE TESTING AND FINITE ELEMENT SIMULATION OF A 34 
METRE LONG WIND TURBINE BLADE 
     
the  unrealistic  failure  mode  has  been  eliminated,  as  illustrated  in  the  stress 
contour plots, figure 4b+c. 
 
Figure 4: Top-hat girder eliminates unrealistic failure modes 
Another  important  unwanted  and  unrealistic  failure  mode  is  transverse  shear 
distortion of the box profile see figure 5a. 
 
Figure 5:  Transverse shear distortion eliminated by supporting the corners in transverse       
movement (perpendicular to the load direction) 
 
5a  5b 
5d  5c 
4a  4b 
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If the loading is transmitted through the shear centre then torsion of the box 
girder section would theoretically be eliminated, however since there are only 
three loading points and the box girder geometry is twisted, it is not possible to 
eliminate  torsion  in  practice.  The  box  girder  section  will  twist  due  to  these 
torsional  loads;  this  tendency  is  exacerbated  by  the  relatively  low  bending 
stiffness at the box girder corners.  Furthermore, the crushing pressure (Brazier 
loads) from the longitudinal bending curvature will try to collapse the profile.  
Normally,  the  aerofoil  section  restrains  this  behaviour;  however  for  this  test 
extra supports must be implemented to counter these effects, as illustrated in 
figures 5c-d.  In the FE-model rebars, figure 5b, are used to distribute support to 
the  upper  corners;  thereby  simulating  the  effects  of  the  stiff  clamps  and 
distributing the reaction forces to all four corners in the full-scale test.  Three of 
these  supports  at  9m,  13.2m  and  19m  positions  along  the  box  girder  has 
eliminated this transverse distortion, and this has ensured that a realistic failure 
mode is achieved from the full-scale test, see figure 8 and description later in 
this paper. 
 
STRUCTURAL BEHAVIOUR OBSERVED DURING THE TEST  
During the full-scale test strain and local deflections has been measured; figure 6 
shows typical measurement locations.  
 
Figure 6: Strain gauges and displacement sensors in the failed section at 10m position 
 
Figure  7b  show  the  measured  strains  (back  to  back)  on  the  upper  web  part 
towards leading edge, which lead to a non-linear behaviour plotted in figure 8a. 
The  FE-model  shows  the  same  non-linear  behaviour,  even  though  there  is  a 
difference in the strain level.  Since the FE-model does not include any plasticity FULL-SCALE TESTING AND FINITE ELEMENT SIMULATION OF A 34 
METRE LONG WIND TURBINE BLADE 
     
90°  Strain gauges measured at failure point 
on shear web in 10 m
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or damage modelling capability, it can be concluded that it is due to poor elastic 
behaviour.  The non-linear elastic behaviour can be explained by two counter 
acting phenomena; Anticlastic effect and the Brazier effect and post buckling of 
the cap.  The Anticlastic effect causes positive strain in the shear webs of the 
upper half part of the box girder.  Normally, the “transverse” expansion is small 
in isotropic materials and 0º laminates, but for ±45º laminates in 0º compression 
the expansion caused by the shear modulus is high.  In the FE-model the ±45º 
laminates are assumed to be 0º laminates with a high poissons ratio, estimated to 
be 0.6.  This value is often seen in the literature, but the actual value for the 
laminate must be found by experimental test.  The Elastic modulus in the 0º 
direction can either be compensated for by using a transformation in classical 
laminate theory or by use of materials properties found from experimental test, 
where the ±45º laminate is tested in the 0º direction.  From figure 7a+b it can be 
seen  that  the  linear  anticlastic  effect  dominates  with  only  a  small  nonlinear 
contribution from the crushing pressure at low load.  The change in stiffness at 
70-80% load is caused by post buckling in the cap, which contributes an extra 
“crushing pressure” for the actual cross section where the buckling wave has its 
minimum.  If buckling would not occur then the Brazier effect would be more 
dominant  at  high  load,  because  of  the  increase  in  the  longitudinal  curvature 
squared.  
 
 
 
 
 
 
 
 
Figure 7: Back to back strain gauges in 10m. The load scales refer to the first full-scale test 
where the aerofoil was included.  
 
Fig. 7b - FEM 
Fig. 7a - Measured FULL-SCALE TESTING AND FINITE ELEMENT SIMULATION OF A 34 
METRE LONG WIND TURBINE BLADE 
     
FAILURE OBSERVED IN THE SHEAR WEBS DURING THE TEST 
During the full-scale test a camera was used to capture the first and critical 
failure mode, which was debonding of the outer face skin on the sandwich shear 
webs, see figure 8.  
 
 
 
 
 
 
 
Figure 8: Skin debonding of the sandwich webs in 10m  
A brief movie clip of the failure is shown in the presentation that clearly shows 
initial face debonding, leading to ultimate collapse of the box girder. 
The  failed  region  is  in  an  area  where  there  is  no  top-hat  reinforcement, 
additional transverse supports or loading has been applied.  Consequently the 
failure is expected to be at the weak point on this specific blade.  Other blades 
may have stronger (or weaker) webs but the analyses and tests have shown that 
in all cases it is important to include the crushing pressure, which can only be 
accounted for in the FE analysis by including non-linear geometric analysis.  It 
is worthwhile to note that even when non-linear effects are included in the FE 
analysis it is difficult to simulate this type of failure.  This is because surface 
wrinkling theory, debonding and strain based failure criteria cannot predict the 
failure very accurately. 
The use of cohesive interface element could be one way to simulate this type of 
failure.  However, the analyst would have to have some insight regarding likely 
failure locations, since it is not possible to add cohesive interface elements at all 
likely locations in such large laminate structures.  The analysis of the response 
of sub-component tests and FE submodels could be one way to reduce the errors 
associated with solving these problems; these are techniques often used in other 
industries such as aeronautics.   
   
 
Fig. 8b 
Face debonding from the 
sandwich core in the shear 
web  
Fig. 8a FULL-SCALE TESTING AND FINITE ELEMENT SIMULATION OF A 34 
METRE LONG WIND TURBINE BLADE 
     
BUCKLING OBSERVED USING AN OPTICAL MEASURING SYSTEM 
Besides face skin debonding, localised bending and stable post buckling was 
observed  during  the  experiment  and  in  the  FE  study.    The  out  of  plane 
deformation was measured during the test using the ARAMIS optical system 
[3].  The system uses a pair of cameras to track the motion of a prescribed 
pattern or grid on the surface of the box girder.  Subsequent image processing, 
using digital image correlation techniques provide surface strain contour plots as 
illustrated in figure 9a.  
 
 
 
Fig. 9a: ARAMIS measurement                Fig. 9b: Non-linear FE-model 
 
Normally, the out of plane bending stiffness of the load carrying cap is 30-40% 
higher, when the outer skin (aerofoil) is included.  Removing the outer skin has 
a significant influence on the local bending stiffness, while the overall stiffness 
of the blade is only reduced by around 8-10%.  One of the objectives of the full-
scale test was to assess whether future wind turbine blades could be designed 
with less laminate in the load carrying caps, and still be able to carry the loads, 
even after stable post buckling has been observed.   
The  buckling  first  became  unstable  when  the  skin  debonded  from  the  webs, 
which resulted in collapse of the blade, see figure 10.  FULL-SCALE TESTING AND FINITE ELEMENT SIMULATION OF A 34 
METRE LONG WIND TURBINE BLADE 
     
 
 
 
From  this  experiment  the  preliminary  indications  are  that  no  cracks  or 
delaminations have developed and it seems to be possible to load the blade in 
the post buckling range as long as it is a relatively infrequent occurrence, such 
as a 50-year wind event.  More tests must be performed to verify that larger 
defects are not critical.  Different sizes of defects have been studied in [4], but 
two-dimensional testing with biaxial loading is not addressed.  Ideally an end 
user generating company would find great benefit from the continuous capture 
of meaningful information on the structural health of the turbine blade.  This 
information would as a minimum alert the generator to changes in characteristic 
response, and at best provides quantitative information on the structural health 
of the turbine blade.   
 
 NON-DESTRUCTIVE TESTING 
     
A laser shearography inspection of a nominated region of the box girder was 
also  undertaken  prior  to  and  during  various  stages  of  the  load  test.  This 
technique enables sub-surface anomalies, introduced during manufacturing, to 
be detected and sized, see figure 11. 
Figure 10. Ultimate failure: Buckling collapse after the shear webs was failed FULL-SCALE TESTING AND FINITE ELEMENT SIMULATION OF A 34 
METRE LONG WIND TURBINE BLADE 
     
 
 
Two laser speckle systems, Vacuum Hood and Strainmapper [5] were assessed 
during  pre-test;  this  confirmed  that  the  Vacuum  Hood  system  gave  the  best 
results.  Both systems use lasers to illuminate the target area to be inspected with 
a diffuse speckle pattern. The speckles are formed by the interference of the 
laser light waves as they are reflected from the surface of the component in its 
static state.  A load to slightly deform the component (mechanical or thermal) is 
applied and the speckle pattern changes.  The initial static image is overlaid on 
to the loaded image and any interference fringes, which represent changes in 
strain distribution, are caused by the presence of defects. The main difference 
between the two systems is that one uses a vacuum to apply the load and the 
other uses a heating element to create transient heat. The main test load was 
removed at convenient intervals to allow the vacuum hood system to be used to 
scan selected regions of the box girder.  
A number of minor anomalies were detected within the spar section prior to 
testing, and at some locations propagation under load was detected. A range of 
additional post-test examinations of sections of the spar were undertaken to aid 
the correlation between test and simulation, which will be described in a future 
paper. 
 
 
CONCLUSIONS 
A  new  test  setup  has  been  tested  successfully.    A  few  additional  boundary 
constraints and the inclusion of a top-hat reinforcement in the root section has 
been shown to effectively move the ultimate failure point to a realistic location 
along the blade.  From camera still images and strain gauges measurement it can 
be concluded that first critical failure mode occurs on the webs, possibly due to 
the crushing pressure.  Buckling was also observed, but that was also expected 
since  the  outer  skin  contributes  30-40%  of  the  local  out  of  plane  bending 
stiffness  but  is  still  not  the  weakest  important  “location”  in  the  actual  wind 
turbine blade.  When future wind turbine blades are optimized further, buckling 
is expected to be the dominating failure. 
Figure 11. Production defects detected at the cap before testing FULL-SCALE TESTING AND FINITE ELEMENT SIMULATION OF A 34 
METRE LONG WIND TURBINE BLADE 
     
Anticlastic  effect,  Brazier  effect  and  post  buckling  resulted  in  a  non-linear 
elastic behaviour in the shear webs, which also was “captured” in the non-linear 
finite element analysis.  
Laser shearography inspection of the box girder has shown the potential of this 
technique as a means of quantifying the extent of delaminated areas within a 
composite structure.  Additional system calibration is required to improve the 
effectiveness of the system, however it is potentially a useful technique to apply, 
on  a  sample  basis,  to  blades  in  the  manufacturers  workshop  prior  to  site 
installation.  The use of non-contact full field strain measurement techniques, 
such as ARAMIS has great potential for future test work and will help to further 
enhance understanding of blade failure modes.    
 
 
FUTURE WORK 
The  FE  modelling  and  testing  described  here  has  illustrated  some  of  the 
challenges facing the development of improved high performance wind turbine 
blades.  Clearly, refinements to the modelling of the progression of ‘damage’ 
during  a  blade  test  will  be  considered  in  future  work.    However,  any 
improvements  in  the  application  of  advanced  FE  modelling  methods  will  be 
complemented by the use of novel/emerging test methods such as ARAMIS and 
laser shearography.  Improvements in these test and modelling techniques will 
eventually  provide  data  that  could  be  used  to  validate  structural  health 
monitoring systems.  This would be of great benefit to generating companies 
due  to  the  potential  to  increase  availability  and  improve  maintenance 
scheduling.  The author’s are actively pursing developments in these areas.    
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Abstract
A full-scale 34 m composite wind turbine blade was tested to failure under ﬂap-wise loading. Local displacement measurement equip-
ment was developed and displacements were recorded throughout the loading history.
Ovalization of the load carrying box girder was measured in the full-scale test and simulated in non-linear FE-calculations. The non-
linear Brazier eﬀect is characterized by a crushing pressure which causes the ovalization. To capture this eﬀect, non-linear FE-analyses at
diﬀerent scales were employed. A global non-linear FE-model of the entire blade was prepared and the boundaries to a more detailed
sub-model were extracted. The FE-model was calibrated based on full-scale test measurements.
Local displacement measurements helped identify the location of failure initiation which lead to catastrophic failure. Comparisons
between measurements and FE-simulations showed that delamination of the outer skin was the initial failure mechanism followed by
delamination buckling which then led to collapse.
 2006 Elsevier Ltd. All rights reserved.
Keywords: Structural testing; Wind turbine blades; Non-linear ﬁnite element analysis; Sub-modelling; Failure mechanism; Brazier eﬀect; Anticlastic eﬀect
1. Introduction
The size of wind turbine blades are expected to increase
considerably in the future, demanding a better understand-
ing of the structural behaviour on a diﬀerent scale.
Detailed structural behaviour must be investigated beyond
the elastic range. This may include the identiﬁcation of fail-
ure modes which lead to ultimate collapse. Wind turbine
blades have typically been optimized by experimental tests
and simpliﬁed analytical methods. However, numerical
simulation tools are gaining wider acceptance as they
become more sophisticated in their predictive capability
as well as oﬀering a route to signiﬁcantly lower develop-
mental costs.
2. Numerical methods
The ﬁnite element method (FEM) has traditionally been
used in the development of wind turbine blades mainly to
investigate the global behaviour in terms of, for example,
eigenfrequencies, tip deﬂections, and global stress/strain
levels. This type of FE-simulation usually predicts the glo-
bal stiﬀness and stresses with a good accuracy. Local defor-
mations and stresses are often more diﬃcult to predict and
little has been published in this area. One reason is that the
highly localised deformations and stresses can be non-lin-
ear, while the global response appears linear for relatively
small deﬂections. Another factor is that a relatively simple
shell model can be used for representing the global behav-
iour, while a computationally more expensive 3D-solid
model may be necessary to predict this localised behaviour.
Even with a highly detailed 3D solid model it would
rarely be possible to predict deformations or stresses
accurately without calibration of the FE-model. This
0263-8223/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.compstruct.2006.06.008
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Composite Structures 76 (2006) 52–61calibration is necessary due to large manufacturing toler-
ances. Features such as box girder corners and adhesive
joints often diﬀer from speciﬁcations. Geometric imperfec-
tions are often seen and can cause unexpected behaviour,
especially relating to the strength predictions but also the
local deformations can be aﬀected. In this paper, box girder
corners were not modelled in detail using solids. Instead,
the rotational stiﬀness of the corners was calibrated with
deﬂections measured in the full-scale test.
A big advantage of using FEM is that, once the model is
set up and calibrated, complex load cases representing
actual wind conditions can be analyzed. Only idealised
loads can be imposed in a full-scale test and in this paper
the critical ﬂap-wise load case is evaluated.
3. Full-scale test of 34 m SSP-blade
A full-scale 34 m wind turbine blade, manufactured by
SSP-Technology A/S, was tested to failure under ﬂap-wise
loading as shown in Fig. 1. The blade had passed all static
and dynamic (correspond to 20 years life time) tests
required by the classiﬁcation bodies. The SSP-blade is
made of glass-epoxy pre-preg material and is designed with
a load carrying box girder, see Fig. 2.
Earlier experience from another full-scale test [1] and
FE-simulations [2] has shown that the cap deﬂect non-lin-
early. The conclusion from these investigations is that the
load carrying box girder ovalizes when the blade bends
ﬂap-wise. New equipment has been developed to record
the web deﬂection resulting from ovalization, see Fig. 3.
Each web sensor can independently measure in- and
outward web deﬂection which occurs when the box girder
ovalizes or is subjected to other types of deformation. In
the 8 m segment near the root, eﬀects due to change in
geometry interact with conventional ovalization eﬀects
resulting in a counterintuitive non-linear response. Mecha-
nisms which explain these deformations and the relevance
of including these eﬀects are presented.
A combination of measurements and FE-simulation has
shown that delamination of the outer skin was the initial
failure mechanism followed by delamination buckling
which led to collapse.
4. Sub-modelling techniques
A local model, using shell and brick elements, was devel-
oped for a span-wise segment of the blade. The 0–13 m seg-
ment is found to be the most critical part and ﬁnal failure
also occurred in this section. The boundary conditions used
in this sub-model were based on the displacement ﬁeld
taken from the global FE-model. Normally, the linear dis-
placement ﬁeld is used in sub-modelling techniques, but in
this case this technique cannot be used, since non-linear
eﬀects dominate. The explanation as to why the use of a
Fig. 1. Full-scale test – ﬂap-wise loading.
Fig. 2. Blade with a load carrying main spar.
F.M. Jensen et al. / Composite Structures 76 (2006) 52–61 53non-linear displacement ﬁeld is required, even at moderate
non-linearity, is given in this paper.
5. Experimental results
Deﬂections at the centre of the upper spar cap have been
measured at seven diﬀerent sections. In the section 10.3 m
from the root, three chord-wise locations were measured,
as shown in Fig. 3.
New equipment for deﬂection measurement was devel-
oped for use inside the box girder. The equipment is shown
in Fig. 3 and measures local web deﬂections with a ﬁxed
reference frame in the centre of the box girder. The central
reference frame is telescopic to allow for change in section
height during ovalization of the box girder.
6. Non-linear geometric deformations
Diﬀerent deformation patterns were observed during the
full-scale test. The blade showed three distinct deformation
patterns dependent on the span-wise location (all measured
from the root):
– Root segment (0–4 m)
– Transition segment (4–8 m) from root to box girder
segment
– Box girder segment (8–34 m)
The ﬁrst two segments will only be treated very brieﬂy in
this paper, but are included to illustrate the complexity of
local deformations. Deformations in the root segment also
inﬂuence the boundary conditions on the box girder seg-
ment, which starts 8 m from the root. It should be noted
that the box girder actually runs along the full length of
the blade but behaves diﬀerently in the three segments
describe in the following.
6.1. Root segment (0–4 m)
Part of the web deformations are due to the gravity load,
which causes the webs to show a non-symmetric behaviour
before loading. This behaviour is speciﬁc to the SSP-blade,
and is due to the change in box girder section geometry
along the root segment.
A sketch of the non-symmetric web deﬂection is shown
in Fig. 4a and measurements are shown in Fig. 4b. The
measurements exclude deﬂections due to pre-load (gravity
load) because the measuring gauges were reset prior to
loading of the blade. The unusual behaviour of the webs
is not discussed further here but is most likely related to
the constraints imposed by the stiﬀ root connection to
the hub. In the current context, it is merely of interest to
be able to apply the correct boundary conditions on the
segments further away from the root.
6.2. Transition segment (4–8 m)
A large change in cap curvature, and therefore cap
height, takes place in the transition segment, see Fig. 5a.
Pressure Side
Suction Side
Shear web
(Sandwich)
Measure
cap deflection
Measure Web
Deflection
Compression Flange (PTS)
Flexible fixture 
used as refer-
ence frame
Fig. 3. Local displacement equipment in a blade section.
Fig. 4a. Sketch of non-symmetric.
54 F.M. Jensen et al. / Composite Structures 76 (2006) 52–61Outward cap deformations were measured during the full-
scale test as shown in Fig. 5b. These outward deﬂections
were seen on the compression side of the blade and are
linked to the rapid change in cap proﬁle in this segment.
Box girder segment (8–34 m). In this segment the
expected ovalization caused by ﬂap-wise bending was
observed. This non-linear deformation or ‘‘ﬂattening’’ of
the cross section is also known as the Brazier eﬀect [1]
and is most pronounced for long thin hollow beams
subjected to bending. The crushing pressure caused by
the Brazier eﬀect has a large eﬀect on the web deﬂections
and local deformation sensors have measured up to
20 mm displacement at the trailing web and 11 mm for
leading web (Fig. 6).
Outer skin debonding from the box girder, see Fig. 7a,
was observed after collapse, but it was not clear at which
load this failure mode had occurred. A study of measured
cap deﬂections has shown that the skin peeling starts at
92% of the ultimate load, see Fig. 7c. The jump in mea-
sured displacement is not due to sudden chord-wise bend-
ing of the cap, instead it was caused by the skin
debonding from the cap where the skin assumes more of
the initial curvature. The reference frame for measuring
cap deﬂection is attached to the outer skin rather than
directly to the box girder corner. Fig. 7b illustrates this
observation. In Fig. 7c another skin peeling jump can be
observed at 97% of ultimate load.
The actual maximum cap deformation of 4.3 mm was
obtained by extrapolation, see Fig. 7c. This is the value
that would have been observed if measurements were taken
directly on the box girder or had debonding not occurred.
The skin debonding is expected to have a major inﬂu-
ence on the ﬁnal collapse. Buckling capacity of the blade
is reduced dramatically once the outer skin and box girder
separate. This buckling behaviour can be observed in
Fig. 7c at 100% load, just before failure.
7. Final failure – buckling assumption
7.1. Cap and web deformations
The cap centerline deﬂections were measured at four
span-wise positions (8.5 m, 10.3 m, 12.5 m and 15.2 m) in
the box girder segment from 8 to 15 m. A 8–15 m segment
of the blade is shown in Fig. 8a with the upper cap centr-
eline indicated. The measured cap deﬂections are plotted
in Fig. 8b. Unfortunately no measurement was taken at
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Fig. 5b. Outward cap deformation – measured.
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Fig. 6. Crushing pressure from the Brazier eﬀect.
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Fig. 7c. Measurements that show skin peeling and corrected cap values.
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Fig. 10. Measured web and cap deﬂections at 8.5 m (top) and 10.3 m (bottom).
Fig. 9. Buckling collapse.
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at this section is assumed. If the deformation is corrected
from the skin peeling mentioned above, the cap in the lon-
gitudinal direction behaves in a smooth manner until 98%
load is reached. Above this load, most likely the cap starts
to buckle as shown in Fig. 8b (dark line – 100% load). This
assumption is based on two observations; pictures of the
blade after collapse (as in Fig. 13) and the cap measure-
ment in 10.3 m, 12.5 m and 15.2 m which ﬁt into this buck-
ling pattern, see Fig. 8b.
The buckling assumption does not take the clamp at
13.2 m into account, see Fig. 9. This approximation may
aﬀect the buckling pattern since the cap is not able to
buckle outwards at this location while inwards deforma-
tion is unconstrained. The inwards displacement actually
looks smooth and ﬁts into the deformation pattern up to
the ultimate buckling load, see the blue ( ) and pink ( )
line in Fig. 8b.
1
The skin peeling assumption and the ﬁnal buckling
behaviour assumption can be conﬁrmed by checking other
measurements (strain gauges and web deﬂection sensors) in
this segment of the wind turbine blade. Unfortunately, web
sensors were only placed at 8.5 m and 10.3 m and no web
measurements were taken at 12.5 m and 15.2 m.
Measurements from both sections at 8.5 m and 10.3 m
support the skin peeling assumption and the buckling
assumption. At 92% load where skin peeling starts, there
is no sign of sudden displacement jumps in the webs at
either of the sections. Displacement jumps in the cap are
seen at 10.3 m but not at 8.5 m. This ties in with what
one would expect from skin peeling occurring at 11.5 m,
i.e. only cap deﬂection is aﬀected at the nearest measuring
station. The web towards the trailing edge shows a moder-
ate increase in deﬂection at the 8.5 m station and a much
more pronounce increase at the 10.3 m station as the load
approaches ultimate. This does to some degree also con-
ﬁrm that buckling occurs further outboard of the 10.3 m
station. Alternatively, the web may have failed locally lead-
ing to buckling in the cap. Wing structures used in the aero-
nautical industry (helicopter blades and ﬁxed aircraft
wings) are usually designed with the trailing edge web
stronger than the web towards the leading edge. Perhaps
this should also be considered in the design of wind turbine
blades. Another obvious diﬀerence between wind turbines
blades and aircraft wings is the lack of internal ribs/bulk-
heads in the wind turbine blades. This should also be con-
sidered eventhough these ribs/bulkheads may add
complexity to the manufacturing process. An example of
how a web/bulkhead could be incorporated in the existing
blade design is shown in Fig. 10 (Fig. 11).
8. Finite element results
In this section results from the numerical modelling
(FEM) will be presented. The main focus will be on the
8–13 m section, where the collapse occurred.
1 For interpretation of colour in Figs. 1, 4, 5, 7–10, and 12–15, the reader
is referred to the web version of this article.
Fig. 11. Rib/bulkhead to prevent crushing pressure.
Fig. 12a. Global 34 m FE-model.
Fig. 12b. 0–13 m sub-model.
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Capturing the correct deformation pattern required a
more detailed sub-model of the 0–13 m section. The
detailed sub-model includes solid elements in the webs
and spar caps, see Fig. 12b.
The main purpose of a global FE-model of the whole
blade is to provide representative boundaries for the
0–13 m sub-model. Non-linear analysis is clearly necessary
here due to the large deﬂections seen in the blade at higher
loads. More interestingly, a combination of the anticlastic
eﬀect [3], which is a linear phenomenon, and the non-linear
Brazier eﬀect [4,5] seem to counteract one another at cer-
tain locations along the blade. At small loads the anticlastic
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Fig. 13. Non-linear response in global model.
Fig. 14a. Section through a box corner.
Fig. 14b. Box corner used for calibration.
F.M. Jensen et al. / Composite Structures 76 (2006) 52–61 59eﬀect can cause outward cap deﬂection which then changes
to inward deﬂection at higher loads as the Brazier eﬀect
(ovalization) takes over. This observation is illustrated in
Figs. 12a and 12b. Linear analysis would simply not cap-
ture deﬂections due to the Brazier eﬀect (Fig. 13).
9. Calibration of corner stiﬀness in the FE-model
Working with large wind turbine blades, made of ﬁbre
composites, a large margin of production tolerances must
be accepted. SSP-Technology A/S uses a relative high qual-
ity production method (pre-preg without autoclave).
Imperfections, such as voids, are most pronounced in areas
where pre-preg layers terminate such as the corner of a box
girder (Figs. 14a and 14b).
In principle all variations could be identiﬁed by cutting
the blade into small pieces, measure the local stiﬀness, and
then make a detailed FE-model which includes all these
variations. In practise this is prohibitively expensive and
a simpler approach was applied. Box girder corners in
the FE-model were only represented with a coarse mesh
of layered shell elements, which of course do not give the
true picture of the corner stiﬀness. However, the modulus
of an ‘‘adjustable’’ element was tuned to obtain the best
ﬁt with the actual deﬂections measured in the full-scale test.
10. Comparison of experimental test and numerical
modelling
Comparing experimentally measured cap deﬂections
with FE predictions, the agreement is found to be accept-
able following calibration of the corner stiﬀness, see
Fig. 15a. The web deﬂections, however, are not satisfactory
above 80% load, see Fig. 15b. It was not possible to obtain
better results by further adjustment of the corner stiﬀness
and other improvements must be considered in the future
work. It appears that a geometrical softening mechanism
or material non-linearity exists in the actual blade. This is
not accounted for in the FE-model hence good correlation
is seen at lower loads while the FE-model is over-stiﬀ at
higher loads approaching ultimate strength. Also, a kink
is evident on the FE deﬂection curves at 60% load which
is hardly noticeable on the curves obtained from the test.
If certain features in the FE-model are too stiﬀ it is conceiv-
able that localized post buckling or snap-through has a
more pronounced eﬀect on the lateral deﬂections of the
box girder. It should be mentioned that the overall ﬂap-
wise blade deﬂection shows exact agreement between test
and FE-model. This is also the case for natural vibration
modes, which are not included in this paper.
If the accuracy of the local FE-results are to be
improved, manufacturing imperfections must be included
in the FE-model. For the blade in question, the section at
10.3 m turned out to have a relatively large geometric
imperfection in the load carrying cap which one would
expect to inﬂuence local deformation behaviour.
11. Conclusion
Non-linear ﬁnite element analyses of a 34 m wind tur-
bine blade with a load carrying box girder and loaded in
ﬂap-wise bending have revealed a variety of behaviour
along the span. The Brazier eﬀect dominates outwards of
the 8 m section. This non-linear eﬀect was also found to
dominate at the 13 m section where the boundary condi-
tions from the global FE-model were applied to a local
FE-model. This ties in with the requirement for a non-lin-
ear global FE-model.
Simulation of local behaviour relied on calibration of
the FE-model, mainly due to the variations in production.
Especially corners in the box girder show large variations,
hence the sub-model did not include ﬁne details, but was
calibrated against measured local deformations from the
full-scale test.
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Measured web deflections in 10.3 m
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60 F.M. Jensen et al. / Composite Structures 76 (2006) 52–61Measurements supported by FE-results also show that
debonding of the outer skin was the initial failure mecha-
nism followed by delamination buckling which led to col-
lapse. When the skin debond reaches a certain size the
buckling strength of the load carrying laminate becomes
critical and ﬁnal collapse occurred.
12. Future work
The skin debonding failure, observed in the full-scale
test, will be investigated further using computational meth-
ods. It is intended to use fracture mechanics based cohesive
interface elements in a ﬁnite element model. These elements
are capable of predicting both initiation and propagation
of a delamination.
Extensive delamination was observed in the failed blade
and this failure mode was due to interlaminar tensile stress
caused by straightening of the curved caps. This deforma-
tion is a result of the crushing pressure from the Brazier
eﬀect. This failure mode will be studied in more detail also
by the use of cohesive elements in a ﬁnite element model.
Finally, in this paper only the displacement measure-
ments are presented but strain measurements were also
recorded throughout the loading history and will be com-
pared with the FE-results.
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